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RECOMBINATION OF POLYNUCLEOTIDE SEQUENCES 
USING RANDOM OR DEFINED PRIMERS 

The U.S. Government has certain rights in this invention pursuant to 
Grant No. DE-FG02-93-CH 10578 awarded by the Department of Energ>' and 
Grant No. NOOO 14-96- 1-0340 awarded by the Office of Naval Research. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates generally to in vitro methods for 
mutagenesis and recombinadon of polynucleotide sequences. More 
particularly, the present invention involves a simple and efficient method for in 
lAiro mutagenesis and rccombLnaiion of polynucleotide sequences based on 
pol\Tncrasc-catal>'zed extension of pnmcr oligonucleotides, followed by gene 
assembly and optional gene amplifica-Jon. 

2. Descno*Jon of Related Ar: 

The publications and otj-.cr re!*crcnce materials referred to herein to 
describe the background of Lhe invention and to provide additional detail 
regarding its practice are hereby incorporated by reference. For convenience, 
the reference materials are numerically referenced and grouped in the 
appended bibliography. 

Proteins are engineered v;iih the goal of improving ti"ieir performance 
for practical applications. Desirable properJes depend on the application of 
interest and may include tighter binding to a receptor, high catal>tic activity, 
high stabili:>-, the ability to accept a wider (or^arrowcr) range of substrates, or 
tlie ability to function in nonnarural environments such as organic solvents. A 
variety of approaches, including 'rational' design and random mutagenesis 
methods, have been succc^-.sfully uced to optimize protein funcuons (I), The 
choice of approach for a given op-.^m-j:ation problem will depend upon the 
degree of understanding of the relaiiDn^hips bc^vccn sequence, structure and 
function. The rational redesign cf nr, enr.Tne catal>aic site, for example, often 
'requires extensive knowledge of th.c c-.r.Tne structure, Lnc structures of its 
complexes unth various ligands anci rj^aiogs of reaction intermediates and 
details of the catalytic mechanism. Such information is available only for a 
very few well-studied system.s; little is kno-Am about the vast majority of 
potcntiallv interesting cnr^-mes. IdentifN-ing the zunino acids responsible for 
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existing protein functions and those which might give rise to new functions 
remains an often-overwhclnung challenge. This, together with the growing 
appreciation that many protein functions ^xc not confined to a small number 
of amino acids, but are affected by residues far from active sites, has 
prompted a growing number of groups to turn to random mutagenesis, or 
'directed' evolution, to engineer novel proteins (1). 

Various optimization procedures such as genetic algorithms (2,3) and 
-. evolutionary strategies (4,5) have been inspired by natural evolution. These 
procedures employ mutation, which makes small random changes in 
members of the population, as well as crossover, which combines properties of 
different individuals, to achieve a specific optimization goal. There also e.xdst 
strong interplays between mutation ajid crossover, as shown by computer 
simulations of different optimizaiion problems (6-9). Developing efficient and 
practical experimental techniques to mimic Lhesc key processes is a scientific 
challenge. The application of such techniques should allow one, for example, 
to e.xplore and optimize the functions of biological molecules such as proteins 
and nucleic acids, in lAuo or even completely free from Lhc constraints of a 
living system (10,1 1). 

Directed evolution, inspired by natural evolution, involves the 
generation and selection or screening of a pool of mutated molecules which 
has sufficient divcrsic>- for a moiecuie encoding a protein with altered or 
enhanced function to be prcser.: therein. It generally begins *.^ith creation of a 
library of mutated genes. Gene products which show in^provemcni with 
respect to the desired propzrTy or set of properues arc identified by selection 
or screening. The gcne(s) encoding these products can be subjected to further 
cycles of the process in order to accumulate beneficial mutations. This 
evolution can involve fev.* or many generations, dcpendmg on how far one 
u-ishes to progress ar.d the effects of mutations typically observed in each 
generation- Such approaches have been used to create novel functional 
nucleic acids (12), peptides and odner small molecules (12), antibodies (12), as 
well as enzymes and other proteLns (13,14,16). Directed evolution requires 
little specific l-mowledgc about the product itself, only a means to evaluate Lhc 
function to be optimized. These procedures arc even fairly tolerant to 
'inaccuracies and noise in the funcuon evaluation (15). 

The diversity' of genes for directed evolution can be created by 
introducing new point mutations using a varieC>* of m.ethods. including 
mutagenic PGR (15) or combinatorial cassette mutagenesis (16). The abilir>' to 
recombine genes, however, can add an Lmpor.ant dimension to the 
evolutionary process, as evidenced by its key role in natural evolution. 
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Homologous recombination is an important natural process in which 
organisms exchange genetic information between related genes, increasing the 
accessible genetic diversity within a species. WhUe introducing potentially 
powerful adaptive and diversification competencies into their hosts, such 
pathways also operate at very low efficiencies, often eliciting insignificant 
changes in pathway structure or function, even after tens of generations. 
Thus, while such mechanisms prove beneficial to host organisms/species over 
geological Lime spans, in vivo recombination methods represent cumbersome, 
if not unusable, combL-iatorial processes for tailoring the performance of 
enzymes or other proteins not sL-ongly linked to the organism's intermediary 
metabolism and survival. 

Several groups have recognized the utility of gene recombination in 
directed evolution. Methods for in xAvo recombination of genes are disclosed, 
for example, in published PCT application V/0 97/07205 and US Pal. No. 
5,093,257. As discussed above, these in \j\vq methods are cumbersome and 
poorly optimized for rapid evolution of funcdon. Stcmmer has disclosed a 
method for in i/:';ro recombLnadon of related DNA sequences in which the 
parental sequences are cut into fra^cnts, generally using an cn2:>-mc such as 
DNase 1, and are reassen^.bled (17.16,19). The non-random DNA 
fragmentation associated %'.'iLh DNase I and other cndonuclcascs, however, 
introduces bias into Ll^c recombLnation and Urr.its the rccombinadon diversit>'. 

Furthermore, this mcu-.od is limited to recombination of double-seranded 
pob/nucleoudcs and car.r.ot be used on sing'.c-sL'anded templates. Further, 
tr.is method docs not work ■.vei: v.-ith ccr^n corrroinations of genes and 
primers, it is not efficient for recombination^of short sequences (less thar. 200 
nucleotides (n-s)). for example. Finally, it is quite laborious, requiring several 
steps. Alternative, convenient methods for creating novel genes by point 
m.utagenesis and rccombinadon in xAuo are needed. 

SUMMARY OF THE INVENTION 
The present invendon pro%"des a new and significantly improved 
approach to creatLng novel po'.s-r.ucieodde sequences by point mutadon and 
rccombnadon m uiiro of a set o: parental sequences (the tcm.plates). The 
' novel pol>mucieodde sequences car. be useful in themselves (for example, for 
DNA-based com.pudng), or th.ey can be expressed in recombinant organisms 
for directed evoludon of the gene products. One embodiment of the invendon 
involves primLng the template gene(s) \vith random-sequence oligonuclcoddcs 
to generate a pool of shoa DNA fragments. Under appropriate reacdon 
condidons, Lhese shon DNA fragments car. prime one another based on 
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complementarity and thus can be reassembled to form full-length genes by 
repeated thenmocycLing in the presence of thermostable DNA polymerase. 
These reassembled genes, which contain point mutations as well as novel 
combinations of sequences from different parental genes, can be further 
amplified by conventional PGR and cloned into a proper vector for expression 
of the encoded proteins. Screening or selection of the gene products leads to 
new variants with improved or even novel functions. These variants cam be 
used as they are, or they can serve as new starting points for further c>'cles of 
mutagenesis and recombination. 

A second embodiment of the invention involves priming the tcm.plate 
gene(s) with a set of primer oligonucleotides of defined sequence* or defined 
sequence e.xhibiting limited randomness to generate a poo! of short DNA 
fragments, which are then reassci-r.bled as described above into full length 
genes. 

A third embodLmenc of the invention involves a novel process wc term 
the 'staggered extension* process, or S:£?. Instead of reassembling the pool of 
fragments created by the extended primers, full-length genes are assembled 
directly in the presence of Lhe tc" pla!:c{s). The StE? consists of repeated 
cycles of dc a atu ration followed by c:cjcmcly abbreviated annealing/ ex tens ion 
steps. In each cycle the extended fra grr.cnts can a-nncaJ to different lempiatcs 
based on complcmentariry and c.\-:er.d a little furth.cr to create "recombinant 
cassettes." Due to this te.Tip'aie 5-.v::ch:.".g, most of the pol>mucleotides 
contain sequences from cifferen: pa-'ental genes (i.e. arc novel recombinants). 
This process is repeated un*jl f'jli -length gcr.es form. It can be follo'>vcd by an 
opdonai gene am.plLfication step. 

The different em.bodirr.ents of the invention provide features and 
advamtages for different applications. In the most preferred embodiment, one 
or m^ore defined primers or defined primers e.xhibiti.ng limited randomness 
which correspond to or Hank the 5* and 3* ends of the template 
pol>mucleotides are used v.';th StE? to generate gene fragm.cnts v/hich grow 
into the novel full-length sequences. This simple m.ethod requires no 
knowledge of the template sequcnccls). 

In another preferred embodiment. mulLiplc defined primers or defined 
prir.-iers e.xhibidng limited rando—.ncss are used to generate short gene 
fragments which are reassembled in:o full-iength genes. Using multiple 
defined primers allows the user to bias in. ui:ro recombination frequency. If 
sequence inform.ation is available, primers can be designed to generate 
overlappLng rccombLnaiion cassettes which increase the frequency of 
recombLnadon at parxicular locations, i^jnong other features, this method 
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introduces the fiexibiiity to take advantage of available structural and 
functional information as well as information accumulated thr ugh previous 
generations of mutagenesis and selection (or screening). 

In addition to recombination, the different embodiments of the primer- 
5 based recombination process will generate point mutations. It is desirable to 

know and be able to control this point mutation rate, which can be done by 
manipulating the conditions of DNA synthesis and gene reassembly. Using 
the defmed-primer approach, specific point mutations can also be directed to 
specific positions in the sequence through the use of mutagenic primers. 

10 The various primer-based recombination methods in accordance with 

this invention have been shown to enhance the activity of AcUnoplanes 
utahensis ECB deacylase over a broad range of pH values and in the presence 
of organic solvent and to improve the thermostability of Bacillus subtilis 
subtilisin E.' DNA sequencing confirms the role of point mutation and 

15 recombination in the generation of novel sequences. These protocols have 

been found to be both simple and reliable. 

The above discussed and many other features and a::endan: 
advantages will become bcuer ur.dcrstood by reference to the folloaong 
detailed description when tai-ien i.-^. conjunction with the accompan>-ing 

2 0 drawings. 

BRIEF DESCRIFTION OF THE DR^AWINGS 
FIG. 1 depicts recorr^.bi.nadon in accordance w'rsx the present invcndon 
using random-sequence prin-.ers and gene reassembly. The steps sho'A-n arc: 
25 a) Synthesis of singlc-sLrandcd DNA fragments using mesophilic or 

thermophilic pol>Tneras= v/i'Ji randoir.-sequcnce oligonucleotides as primers 
(primers not shown); b) Removal of templates; c) Reassembly with 
thermophilic DNA polymerase; d) Amplification with thermostable 
polymerase(s); e) Cloning and ScrccnLng (optional); and f) Repeat the process 
30 with selected gene(s) (optional). 

FIG. 2 depicts recombination in accordance v.-ith the present invention 
using defined primers. The rr.cJr.oz is iiiusL-ated for the recombination of t^'o 
genes, v/here x = mutation. The steps diagrammed arc: a) The genes axe 
35 primed wiih defined primers in PGR reactions that can be done separately (2 

primers per reaction) or combined (multiple primers per reaction); c) Initial 
products are formed until defined primers are exhausted. Template is 
removed fontional) ; d) Initial fragments prLme and extend themselves in 
further cycles of PGR with no addition of external primers. Assembly 
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continues until fuU-lengih genes are formed; e) {optional) Full-length genes axe 
amplified in a PGR reaction uidi externa] primers; Q (optionaJ) Repeat the 
process with selected gene(s). 

FIG. 3 depicts recombination in accordance with the present invention 
using two defined flanking primers and StEP. Only one primer and two single 
strands from two templates are shown here to iUustrate the recombination 
process. The outlined steps are: a) After dcnaturation. template genes are 
primed with one defmed primer; b) Short fragments arc produced by primer 
extension for a short time; c) In the next cycle of StEP, fragments are 
randomly primed to the templates and extended further; d) Denaturation and 
anneaJing/extension is repeated until full-length genes arc made (visible on an 
agarose gel); c) Full-length genes are purified, or amplified in a PGR reaction 
vvich externa] primers (optional); Q (optional) Repeat the process with selected 
gene(s). 

FIG. 4 is a diagrammaiic representation of the results of the 
recombination of t\vo genes using nvo Hanking primers and staggered 
extension in accordance with t:-.c present invention. DNA sequences of five 
genes chosen from the rccombined library are indicated, where x is a mutation 
present in the parental genes, ar.d the L-iangle represents a new point 
mutation. 

FIG. 5 is a dia5rc--r."-.a-^c reprcsentaiion of the sequences of the pN3 
esterase genes described in Exarr.ple 3. Tcrr.plate genes 2-13 and 5-BI2 were 
recombmed using the defined pri.-ner approach. The positions of the primers 
are indicated by arrov/s, a.nd t:^e positions where une parental sequences dL^ier 
from one another are indicated by x s. New point mutations are indicated by 
triangles. Mutations identified in these recombined genes are listed (only 
positions which duffer in the parental sequences are listed). Both 6E6 aiid 
6H 1 arc recombination products of the template genes. 

FIG. 6 shows the positions and sequences of the four defined internal 
' primers used to generate recombined c-^es from template genes Rl an.d R2 
by interspersed pnmer-based recombination. Primer P50r contains a 
mutation (A->T at base position 595) which simultaneously elLmmatcs a 
Hindlll resuHction site ar.d adds a new unique Nhel site. Gene R2 also 
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contains a mutation A->G at the same base position, which eliminates the 
Hindlll site. 

FIG. 7 is an ciectxophoresis gel which shows the results of the 
restriction-digestion analysis of plasmids from the 40 clones. 

FIG. 8 shows the results of sequencing ten genes from the dcfmed 
primer-based recombination library. Lines represent 986-bp of subtilisin E 
gene including 45 nt of its prosequence, the entire mature sequence and 113 
nt after the stop codon. Crosses indicate positions of mutations from parent 
gene Ri and R2, while triangles indicate .positions of new point mutations 
introduced during the recombination procedure. Circles represen: the 
mutation introduced by the mutagenic primer P50F. 

FIG. 9 depicts the results of appi>'ing the random-sequence primer 
recombination method to the gene for Actinoplanes utahensis ECB deac%-lase. 
(a) The 2.4 kb ECB dcacylasc gene was purified from an agarose gel. (b) The 
size of the random priming products ranged from 100 to 500 bases, (c) 
Fragments shorter than 300 bases v/cre isolated, (d) The purified fragments 
v/crc used to reassemble the fuIMcngih gene u-ith a smear background, (e) A 
single PCR product of the sarr.c size as the EC3 deac>'lase gene was obtained 
after conventional PCR %^'ith the nvo primers located at the start and stop 
regions of this gene. (0 -^i:cr digestion with Xho 1 and Psh Al, the PCR product 
was cloned into a modified piJ702 vector to form a mutant librar)*. (g) 
introducLng this librar-/ in:o S:reptomyce5 liuidans TK23 resulted in 
appro.-dmately 71% clones producing the active ECB dcac^'lasc. 

FIG. 10 shows the specific activir/ of the wild-r.-pe ECB deacylase and 
mutant Ntl6 obtained in accordaLncc with the present invention. 

FIG. 11 shows pH profiles of activit>' of the wild-t)-pe ECB deac>'lase 
and m.utant Ml 6 obtsuned in accordance u-ith the present invention. 

FIG. 12 shows the DN.a sequence anaJysis of 10 clones randomly chosen 
from the library/ Kle no v/. Lines represent 986-bp of subtilisin E gene including 
45 nt of its prosequence, the entire mature sequence and 1 13 nt after the stop 
codon. Crosses indicate positions of mutations from Rl and R2, while 
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triangles indicate positions of new point mutations introduced during the 
random-priming recombination process. 

FIG. 13 Thermostability index profiles of the screened clones from the 
five libraries produced using different polymerases: a) library/ Klcnow. b) 
library/T4, c) Libraiy/Sequenase, d) library/ Stoffel and e) library/Pfu. 

Normalized residual activity (Ar/Ai) after incubation at BS^C was used as an 
index of the enzyme LhermoscabLiity. Data were sorted and plotted in 
descending order. 

DETAJLED DESCRfPTION OF THE IIWENTFON 
In one preferred embodLment of the present invention, a set of primers 

with aJl possible nucleotide sequence combinations (dp{N)L where L - primer 
length) is used for Lhc primer-based recombination. It has been known for 
years that o!igodeox>TiucleoUdes of different lengths can serve as primers for 
initiation of DNA s>mthesis on singie-sLranded templates by the Klenow 
fragment of £.co/i polymerase 1 (21). Al'Jnough they arc smaller than the size 
of a normal PGR primer (i.e. less Lnan 13 bases), oligomers as short as 
he:<anucleo tides can adequately prime Lhc reaction and are frequently U3cd in 
labeling reactions (22). The use of randorr-i primers to create a pool of gene 
fragments fo!iov.*ed by gene reassembly in accord ar.ce wiih the Invention is 
shov.-n in FIG. 1. The steps include generator, of diverse "breeding blocks* 
from, the sLngle-strar.ded poiynucleotidc tcm:p!a:es through random, priming, 
reassembly of the fuil-lenglh D.N'A from, the generated short, nascent DNA 
fragm.ents by thermocyclmg in the presence of DNA pol}m-Lcrasc and 
nucleoudes, and am.pIificaLion of the desired genes from the reassembled 
products by conventional PGR for furth.er cloning and screening. This 
procedure inL-ocuces new mutations m.ainly a: the primLng step but also 
during other steps. These new m.utauons ar.d the m.utations already present 
in the tern. plate sequences arc rccc.mbined curing reassem.bly to create a 
library of novel DN.A sequences. The process can be repeated on the selected 
sequences, if desired. 

To carP;' out the ranco.m prinvinr^ procedure, the tem.platc(s) can be 
single- or denatured double -s'j-CLr.ded poi>*nucleoude(s) in linear or closed 
circular form. The templates ca-n be mb:ed in equimolar amounts, or in 
amounts v/eighted, for example, by their functional attributes. Since, at least 
in some cases, the temmlate ger.es are cbned m. vectors into which no 
additional m.utations should be LnL'Ocuced, th.ey are usuadly first cleaved with 
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restriction endonuclease(s) and purified iom the vectors. The resulting linear 
DNA molecules axe denatured by boiling, annealed to random-sequence 
oligodeoxynucleotides and incubated with DNA polymerase in the presence of 
an appropriate amount of dNTPs. Hexanucleotide primers are preferred, 
although longer random primers (up to 24 bases) may also be used, depending 
on the DNA polymerase and conditioning used during random priming 
synthesis. Thus the oligonucleotides prime the DNA of interest at various 
positions along the entire target region and are extended to generate short 
DNA fragments complementary to each strand of the template DNA. Due to 
events such as base mis-incorporations and mispriming, these short DNA 
fragments also contain point muutions. Under routinely established reaction 
conditions, the short DNA fragments can prime one another based on 
homolog)' and be reassembled into full-lengthi genes by repeated 
thermocycling in the presence of thermostable DNA polym.erase. The resulting 
fuU-lengih genes will have diverse sequences, most of which, however, still 
resemble that of the original template DNA, These sequences can be further 
amplified by a convcndonai PGR ar.c cloned into a vector for expression. 
Screening or selection of the e.^resscd mutants should lead to variants with 
improved or even new spccii'c functions. These variants can be immediately 
used as partial solutions to a p.^acucai problem, or they can serve as new 
starting points for furtlncr cycles of directed evolution. 

Compared to other techniques used for protein optimizauon, such as 
combmatoriai cassette and oligonucleotide-cirected mutagenesis (24.25.26). 
error-prone ?CR (27. 23). cr DN.-. shu::"ing (17.18.19), some of ±z advantages 
of the random-pnmer based procedure for in l/iVo protein evolution are 
summarized as folio'^'s: 

1. The template(s) used for rar.cam prim.ing svmthesis m.ay be cither 
single- or double-sL-anded pohmucieotides. In contrast, error-prone PGR and 
the DNA shufiTmg method for recombination (17,18.19) necessarily employ 
only double-sL-anded polvmucleotides. UsLng the technique described here, 
mutations and/or crossovers car. be introduced at the DNA level by using 
different DNA-dependent DNA poh-vjrases. or even direcUy from mRNA by 
using different RNA-dependent DNA po:>^erases. Recombination can be 
performed using s.ngle-strar.ded IDNA templates. 

2. In contrast to the DNA shuffling procedure, which requires 
fragmentadon of tr.e double-stranded DNA template (generally done with 
DNAse 1) to generate rar.dom fragm.ents, the technique described here cm.ploys 
random priming svmth.esis to obtain DNA fragments of controllable size as 
"breeding blocks" for fur^ner reassembly (FIG. 1). One immediate advar.tagc is 
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t±iat two sources of nuclease activity (DNasc I and 5'-3' cxonuclease) are 
eliminated, and this allows easier control over the size of the final reassembly 
and amplincation gene fragments. 

3. Since the random primers are a population of synthetic oligo- 
nucleotides that contain ail four bases in every position, they arc uniform in 
their length and lack a sequence bias. The sequence heterogeneity allows 

: them to form hybrids wich the template DNA strands at many positions, so 
that every nucleotide of the template (except, perhaps, those at the extreme 5" 
terminus) should be copied at a similar frequency into products. In this way, 
both mutations and crossover may happen more randomly than, for example, 
with error-prone PGR or DNA shufaing. 

4. The random-primed DNA synthesis is based on the hybridization of a 
mbcrure of hexanucleotides to the DNA templates, and the complementary 
strands are sy-nthcsLzcd from the 3'-OH termini at the random hcxanucleotidc 
primer using polymerase and the four deox>Tiucleotide triphosphates. Thus 
the reaction is independent of Lhe length of the DNA template. DNA fragments 
of 200 bases length can be primed equally well as linearized plasmid or X DN.^ 
(29). This is particularly useful for engineering peptides, for example. 

5. Since DNasc I is an cndonucleasc that hydrol>-zes double-stranded 
DNA preferentially at sites adjacent to p>'rimidinc nucleotides, its use in DNA 
shufQing may rcsuk in bias (particularly for genes with high G+C or high A+T 
content) a: the step of tc.T-.plazc gene digestion. Effects of this potential bias 
on the overall mucaiion rate and recombination frequency may be avoided by 
using the random- prin-.ing approach. Bias in random priming due to 
preferential hvbridi^a'aon to GC-rich regions of the template DNA could be 
overcome by increasing the K and T content in the random oligonucleotide 
library. 

An im.portant part of practicing the present invention is controULng the 
average size of the nascent. sLngle-strand DNA s>-nthesL2ed during the random 
priming process. This step has been studied in detail by others. Hodgson and 
Fisk (30) found that the average size of Lhc synthesized single-strand DNA is 
an inverse function of prim.cr concentration: length - k/ nMoPc , v;hcrc Pc is 
the primer concentration. The inverse relationship between primer concen- 
tration and output DNA fragment size may be due to steric hindrance. Based 
on this guideline, proper conditions for random-priming s>Tnthcsis can be 
readily set for individual genes of diifercn: lengths. 
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Since dozens of pol>-m:rases axe currenUy available, synthesis of the 
short, nascent DNA fragments can be achieved in a variety of fashions. For 
example, bacteriophage T4 DNA polymerase (23) or T7 scquenase version 2.0 
DNA polymerase (31,32) can be used for the random priming synthesis. 

For single-stranded polynucleotide templates (particularly for RNA 
templates), a reverse transcriptase is preferred for random-priming synthesis. 
Since this enz>-me lacks y-^S' e.xonuclease activity, it is rather prone to error. 
In the presence of high concentrations of dNTPs and Mn^*. about 1 base in 

eveo' 500 is misincorporated (29). 

By modifying th: rcac-Jon conditions, the PGR can be adjusted for the 
random priming s>'nthesis using thecmbstable polymerase for the short, 
nascent DNA fragments. An i.-npor:ant consideration is to identify by routine 
experimentation the reaction condicions which ensure that the short random 
prime.'s can anneal to Lhe te.-nplates and give sufficient DNA amplifxation at 
higher temperatures. We have found that random primers as short as dp(N)i2 
can be used with PGR to generate ir.-- extended primers. Adapting the PGR lo 
lhe random priming s>-nthcsis provides a convenient method to ma:<e short, 
nascent DNA fragments ar.d rr.a:-:-:s this random priming recombination 

Lcchniouc very robust. 

In many evolution sc = r.a.-03. recombination should be conducted 
bcr.veen oligonucleotide s=c-er.=e3 for -^hich sequence information is available 
for at least some of the terr.plate sequences. In such scenarios, it is often 
possible to dcunc a.nd s:.-.-.es-e a series of primers which arc interspersed 
ber.veen the various muta-jcr.s. When dcfmed primers arc used, they can be 
ber^-een 6 and 100 bases iong. In accordar.ce wi-.-. -jie present invention, it 
•^•as discovered Lhat by aJio-..-ng th.esc defined prL-ners to initiate a scries of 
overlappLng prLmer e.acnsion reactions (which may be facUitated by 
thermocycUng), it is possible lo generate recorr^bLnation cassettes each 
containing one or more of ih.e accumulated mutations, allelic or isorir-pic 
differences betv.-een templates. Using the defined primers in such a way that 
overiapping extension products are generated in Lhe DNA pol>-merizaUon 
reactions, cr-diaustion of avaiiab'.. pnmcr leads lo the progressive cross- 
• hybridization of primer e.-r.er.de- ;.::c-ucts until complete gene products arc 
gene.-ated. The repeated rounds of anneaimg, extension and denaturation 
assure recombination of each ov=r:a??mg cassette ^'.iCn every other. 

A preferred em.bodim.ent of the present invention involves methods in 
which a set of defined oUgonucleotide primers is used to prime DNA s\-nlhcsis. 
FIG. 2 iUustrates an exemplar/ version of the present invention in which 
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defined primers are used. Cajeml design and positioning of oligonucleodde 
primers facilitates the generation of non-random extended recombination 
primers and is used to determine the major recombination (co-segrcgadon) 
events along the length of homologous templates. 

Another embodiment of the present invention is an alternative 
approach to primer-based gene assembly and recombination in the presence 
of template. Thus, as illustrated in FIG. 3, the present invendon includes 
recombination in which enzyme-catalyzed DNA polymerization is allowed to 
proceed only briefly (by limiting Lhe tLme and lowering the temperature of the 
extension step) prior to denaturadon. Dcnacuration is followed by random 
annealing of the e.^ended fragments to template sequences and continued 
partial extension. This process is repeated multiple times, depending on the 
conccnLradon of primer and template, unci! fuii length sequences arc made. 
This process is caJled staggered extension, or SlEP. Aithough random primers 
can also be used for StEP, gene svT.ir.esis is not nearly as efficient as ^-ith 
defined primers. Thus defined primcr.s arc preferred. 

In this meLhod, a brief anncaJing/extension step(s) is used to generate 
the partially extended primer. A r/picai annealing/extension step is done 

under condidons which aJlow high fidciir/ primer anncaJLng (Tanncaling greater 

than Tm*-^), but li.mit the pol>TncrL:aLion/cxtension to no more than a few 
scco.nds (or an average e:cens:on :o less than 300 nts). Minimum extensions 
a-e prc.^'erably on Lhe order of 20-50 nts. k has been dcm.onstratcd that 
thermostable DN.-^» poivTnerases r.-picaJly exhibit maximal pol>Tneri2ation rates 
0.*" 100-150 nucieotidcs/second/enr.Tr.c molecule at optLmal tempcranjres. 
but follow appro:'dma:c .-^jrher.ius runetics at temperatures approaching Lhe 

optimum temperarurc (Top:)- Thus, at a temperature of 55'C, a thermostable 
poi>'mcrase e.xh.ibits only 20-25% of the steady state polymerization rate that it 
exhibits at 72'C (Top:), or 2-^ nts/sccond (40). At 37'C and Taq 
pol>TnerasG is reported to have extension activides of 1.5 and 0,25 
nts/second, respecuvely (24). 3oLh ti"c and temperature can be rouuncly 
altered based on Lhe desired recombinaiion events and l-mowlcdge of basic 
pol>Tncrase rdneiics and b'.ochemisL"'. 

The progress of Lhe staggered extension process is monitored by 
remo%hng aliquots from, the reaciio:: rabc at various dme points in the primer 
extension and separating DN.n fragments by agarose gel electrophoresis. 
E'ridence of effective primer extension is seen from the appearance of a low 
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molecular weight 'smear' early in the process which increases in molecular 
weight with increasing cycle number. 

Unlike the gene amplificauon process (which generates new DNA 
exponentially), StEP generates new DNA fragments in an additive manner in 
its early cycles which contain DNA segments corresponding to the different 
template genes. Under non-amplifying condidons, 20 cycles of StEP generates 
a maximal molar yield of DNA of approximately 40 times the initial teaplate 
concentration. In comparison, the idealized polymerase chain reaction 
process for gene amplification is multiplicative throughout, giving a maximal 
molar yield of approximately 1 x 10<^-fold through the sajne number of steps. 
In practice, the difference berAxen the two processes can be observed by PCR. 
giving a clear "band' after only a few (less than 10) cycles when stardng with 
template at concentjations of less than 1 ng/ul and priir.ers a: lO-500-fold 

excess (vs. 10^-fold excess r^-pical of gene amplificadon). Under similar 
reaction conditions, the StEP would be ejected to give a less visible 'smear', 
which increases in molecular *.ve:ght wiih increasing number of c>'cles. When 
significant numbers of primer extended DNA molecules begin to reach sizes of 
greater than 1/2 the length of the full length gene, a rapid jum.p in molecular 
weight occurs, as haJf-extcnded forward and reverse su-ands begin to cross- 
hvbridize to generate fragments nearly 2 times the size of those encountered 
to that ooint in the process. At this point, consolidation of the smear into a 
discrete band of the appropriate n-:olecular weight can occur rapidly by either 
continuing to subject the D:i\ to StE?, or altering the thermcc/cle to allow 
complete extension o: tine primed DNA to drive c:cponentiai gene amplificauon. 

Follov.'ing gene assembiy (ar.d. if necessar>', conversion to double 
su-ar.ded form) recombincd genes are amplL^ied (opiionaJ), digested witJi 
suitable restriction er-Ty-mcs ar.d ligated into expression vectors for scrcenLng 
of the expressed gene products. The process caui be repeated if desired, in 
order to accumulate sequence changes leading to the evolution of desurcd 
funcuons. 

The staggered extension ar.d homologous gene assembly process (StEP) 
represents a pov/eriul, flexible melinod for recombining similar genes in a 
random or biased fashion. The process can be used to concentrate 
recombination within or av.-ay frcrr; specific regions of a known series of 
sequences by conU-olLing placement of primers and the time allov.*cd for 
annealing/extension steps. I: can also be used to recombine specific cassettes 
of homologous geneiic inform.ation generated separately or within a single 
reaction. The method is also applicable to recombining genes for which no 
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sequence information is available but for which functional 5* and 3' 
amplification primers can be prepared. Unlike other recombination methods, 
the staggered extension process can be run in a single tube using 
conventional procedures without complex separation or purification steps. 

Some of the advantages of the defined -primer embodiments of the 
present invention are summarized as follows: 

1. The StEP method does not require separation of parent molecules from 
assembled products. 

2. Defmed primers can be used to bias the location of recombination 
events. 

3. StEP allows the recombina'Lion frequency to be adjusted by varying 
extension times. 

4. The recombination process can be carried out in a single tube. 

5. The process can be carried out on single-stranded or double-stranded 
pol>'nucleo tides, 

6. The process avoids C-^.t bias introduced by DNasc i or other 
cndonucleases. 

7. Universal primers cam be used. 

S. Defined primers c:chibiLir.g ii.— ited randomness can be used to increase 
the frequency of mutation at selected areas of the gene. 

,*\s v.'iU be apprcc:a:ed by those srulled in the art, several embodiments 
of the present inventior. are possible. Exemplary embodiments include: 

1. Recombination and point mutalion of related genes using only defined 
fianl-dng prim.crs and staggered extension. 

2. Recombination and muLation of related genes using Ranking primers 
and a series of internal primers at lov.* enough concentration that exhaustion 
of the primers will occur over L^e course of the thcnmocycling, forcing the 
overlapping gene fragm.cnts to crosr.-hybridize and extend until recombined 
s>TithcLic genes are formed. 

3. RecombLnation and muiation of genes using rau^dom-sequence prim.ers 
at high concentration to generate a pool of short DNA fragments which are 
reassembled to form new genes. 
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4. . Recombination and mutation of genes using a set of defined pnmers to 
generate a pool of DNA fragments which arc reassembled to form new genes. 

5. Recombination and mutation of single-stranded polynucleotides using 
one or more defined primers and staggered extension to form new genes. 

6. Recombination using defmed primers with limited randomness at more 
than 30% or more than 60% of the nucleotide positions within the primer. 

Examples of practice showing use of the primer-based recombination 
method are as follows. ^ ' 

EXAJvTPLE 1 

Use of defmed flanking primers and staggered extension to 
recombinc and enhance the thermosUbUity of subtilisin E 

This example shows how the defined primer recombination method can 
be used to enhance the thcrmoszabilir/ of subtilisin E by recombination of t^vo 
genes known to encode subtilisl.-. E variants u-ith thermostabilities exceeding 
that of wild-c>-pe subtilisin E. This cxajr.ple demonstrates the general method 
ouLiined in FIG. 3 utilizL-.g only r.vo primers corresponding to the 5' and 3' 
ends of the templates. 

As outlined in riG. 3, extended recombinaiion primers arc first 
-encrated by the staggered cv:ensioa process (StEP). which consists of 
repeated cvclcs of denaturaLon followed by e:arcmely abbreviated 
an.nealing/extension s:ep(3). The e.^ended fragments arc reassembled into 
full-length genes by LhenT^.oc-/:lLng-assistcd homologous gene assembly in Lhe 
presence of a DN.A pol)— erase, followed by an optional gene am.pl ification 
step. 

Two thermostable subtilisin E mutants Rl and R2 were used to test the 
defined primer based rccombLnaUon technique using staggered extension. 
The positions at which these r.vo genes differ from one another are sho.^ in 
Table I. Among lhe ten nucleoside positions that differ in Rl and R2, only 
Lhosc mutations leading to a.T.inQ acid substirutions Asn 181-.^.sp (NISID) and 
Asn 218-Ser (N218S) confer ihcrmostabiiit>\ The remaining mutations arc 
ncuu-al wiLh respect to their effects on thermostability (33). The haif-lives at 
65^0 of the single variants NISID and N21SS arc approNdmately 3-fold and 2- 
fold greater th.an tha: of wild r,-pe subtilisin E. respectively, and their melting 
temoeracures. Tm. are 3.7'C and 3.2'C higher than that of wild type cnz>-me. 
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respectively. Random rccombixiadon events that yield sequences containing 
both these functional mutations will give rise to enzymes whose half lives at 
65*C are approximately 8-fold greater than that of wild type subtilisin E, 
provided no new deleterious mutations are introduced into these genes during 
the recombination process. Furthermore, the overall point mutagenesis rate 
associated with the recombination process can be estimated from the catalytic 
activit}' profile of a small sampling of the recombined variant library. If the 
point mutagenesis rate is zero, 25% of the population should exhibit wild type- 
like activity, 25% of the population should have double mutant 
(NlSlD+N2I8S)-like activity and the remaining 50% should have single 
mutant (N181D or N218S)-iike activity. Finite point mutagenesis increases 
the fraction of the Iibrar>' Lha: encodes cnzy-Tncs uith vvild-t>-pc like (or lower) 
activicy. This fraction can be used to esdmate the point mutagenesis rate. 

TABLE 1 

DNA and amino acid substitutions in thermostable 
subtilisin E mutants Rl and R2. 







Base 


Position 




Arrino acid 


Ge.-.c 


Base 


Substitution 


in codon 


AmLno acid 


substitution 




780 


A -> G 


2 


109 


Asn->Scr 


Rl 


1 107 


A -> G 


2 


218 


Asn->Ser 




1141 


A -+ T 


3 


229 


s>*non>Tnous 




1 153 


A - G 


3 


233 


sy-nonirTnous 




484 


A - G 


3 


10 


s>Tionymous 




520 




3 


22 


synon\Tnous 




593 


A -> G 


3 


48 


s>-non>Tnous 




731 


G A 


1 


93 


Val->Ile 


R2 


745 


T -> C 


3 


97 


s>Tion>'mous 




780 


A -> G 


2 


109 


Asn->Scr 




995 


A -> G 


1 


181 


Asn->Asp 




1189 


A -> G 


3 


245 


s>Tion%Tnous 


Ntutations 


listed are 


relative to v,-ild 


r/pc sub'Jiisin 


E with base 


subs-Jrution at 



7S0 in common. 
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Materials and Methods 

Procedure for defined primer based recombination using two flanking primers. 

Two defined primers, P5N (5'-CCGAG CGTTG CATAT G TGGA AG-3' 
(SEQ. ID. NO: 1), underlined sequence is Ndel restriction site) and P3B {5"- 
CGACT CTAGA GGATC C GATT C-3' (SEQ. ID. NO: 2], underlined sequence is 
BamHI restriction site), corresponding to 5' and 3' flanking primers, 
respectively, were used for recombination. Conditions (100 ul Onal volume); 
0.15 pmol plasmid DNA containing genes Rl and R2 (mixed at 1:1) were used 
as template, 15 pmol of each flanking primer, 1 times Taq buffer, 0.2 m^M of 
each dNTP, 1.5 mM MgCb and 0.25 U Taq polymerase. Program: 5 minutes of 
95°C, 80 cycles of 30 seconds 94'»C, 5 seconds 55**C. The product of correct 
size (approximately Ikb) was cut from an 0.8% agarose gel after 
electrophoresis and purified using QIAEX U gel extraction kit. This pu.-ificd 
product was digested with Ndel and BamHI and subcloncd into p3E3 shuttle 
vector. This gene library was amplified in £. coli HBlOl and transferred into 
B. subtilis DB42S competent cells for expression and screening, as described 
elsewhere (35), 

DNA sequencing 

Genes were purified using QIAprcp spir. plasmid miniprep ki: to obtain 
sequencing qualiry DNA. Sequencing was done on an ABl 373 DNA 
Sequencing System using the Dye Tcr7r.ina:o: Cycle SequcncLng kit (Perkin- 
Eimcr, Eranchburg. NJ). 

Results 

The progress of the staggered extension v/as monitored by remo'^ng 
aJiquots (10 ul) from tn.e reaction tube at various time points in the primer 
extension process and separating DNA fragments by agarose gel 
elecu-ophoresis. Gel electrophoresis of primer e:<tension reactions rcveaJcd 
that annealing/extension reactions of 5 seconds at 55'C resulted in the 
occurrence of a smear approaching 100 bp (after 20 cycles), 400 bp (after 40 
cycles), 800 bp (after 60 cycles) ar.d finally a strong approximately 1 kb band 
within this smear. This band (rriLxrjrc of reassembled products) was gel 
'ourified, digested with resunciicn cr^^^ne SamHI and Ndel, and ligated vAtn 
vector generated by SamHl-A'dei digestion of the ^'^<^oli / B. subtUis p3E3 
shuttle vector. This gene librajy was amplified in E. coli HBlOl and 
transferred into B. subtilis D3423 competent cells for c:q5ression and 
screening (35). 
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The thermostabiiity of enzyme variants was determined in the 96-weU 
plate format described previously (33), About 200 clones were screened, and 
approximately 25% retained subtiiisin activity. Among these active clones, the 
frequency of the double mutant-like phenotype (high thermos tabiliry) was 
approximately 23%, the single mutant-like phenotype was approximately 42%, 
and wild type-like phenotype was approximately 34%. This distribution is 
very close to the values expected when the two thermostable mutations N218S 
and N181D can recombine with each other completely freely. 

Twenty clones were randomly picked from £. coli HBlOl gene library. 
Their plasmid DNAs were isolated and digested with Ndel and BamHL Nine 
out of 20 (45%) had the inscas of correct size (approximately 1 kb). Thus, 
aoprorcimately 55% of the above library had no activity due to lack of the 
correct subtiiisin E gene. These clones are not members of the subtiiisin 
library and should be removed from our calculations. Taking into account 
this factor, we find that 55% of the library (25% active cloncs/45% clones wiLh 
correct size insert) retained sub'Jlisin acuviry. This activity profile indicates a 
point mutagenesis rate of less than 2 mutations per gene (36), Five clones with 
inserts of the correct size were sequenced. The results arc summarized in FIG. 
^. ,^11 five genes arc recombination products ^i:h minimum crossovers 
var^-ing from 1 to 4. Only one nc^v poin: mutation was found in these five 
genes. 

EM-=uMPLE 2 

Use of dcficcd flanking primers and staggered extension 
to rcco=ibice pNB esterase mutants 

The nvo-orimcr recombination me'Jiod used here for pN3 esterase is 

analogous to that described in Ercam.pie 1 for subtiiisin £. Two template pN'B 

esterase mutant genes that difler at 14 bases arc used. Both templates (61C7 

and 4G4) are used in the plasmid form. Both target genes are present in the 

e:r.ension reaction at a concentraoon of 1 ng/ul. FlarJdng primers (RAtlA and 

RM2A, Table 2) are added at a fmai concentration of 2 ng/ul (approximately 

200-fold molar excess over template). 
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TABLE 2 

Primers used in the recombination of the pNB esterase genes 



Primer Sequence 



RMIA GAG CAC ATC AGA TOT ATT AAC (SEQ. ID. NO: 3) 

RM2A GGA GTG GOT CAC AGT CGG TGG (SEQ. ID. NO: 4) 

Clone 61C7 was isolated based on its activity in organic solvent and 
contains 13 DNA mutations vs. the vnld-type sequence. Clone 4G4 was 
isolated for thermostability and contains 17 DNA mutations when compared 
with wild-type. Eight mutations are shared between them, due to common 
ancestry. The gene product from 404 is significantly more thermostable than 
the gene product from 61C7. Thus, one measure of recombination between 
the genes is the co-segregation of the high solvent activity and high 
thermostability or the loss of both properties in the rccombined genes. In 
addinon, recombination frequency ar.d mutagenic rate can be ascertained by 
sequencing random clones. 

For the pN3 esterase gene, primer extension proceeds through 90 
rounds of e.xtcnsion v/ith a thcrmoc/clc consisting of 30 seconds at 94*C 
folio%ved by 15 seconds at 55'C. AJiquots (10 ^1) are removed following cycle 
20, 40, 60. 70, 80 and 90. Agarose gcl electrophoresis reveals the form.ation 
o:' a low moiecular weigh: 'smear' by cycle 20, which increases in average size 
ar.d overall intcnsir/ a: each successive sample point. By cycle 90, a 
pronounced smear is evident c:'r.cnaing fro.m»0.5 kb to 4 kb. and exhibiting 
ma:-imal signal intcnsiry a: a size of approximately 2 kb (the length of the full 
length genes). The jump from, half-length to full length genes appears to occur 
betvs'cen cycles 60 and 70. 

The intense sm.car is am.piified through 6 cycles of polymerase chain 
reaction to more clearly define Lhe full length recombined gene population. A 
m^Lnus-primer control is also arr.pLificd v/ith HaLnkang primers to determine the 
background due to residual tcm.plate in the reaction mix. Band intensity from 
the orimer extended gene population exceeds that of the control by greater 
than iO-fold, Indicating that am.plii'cd. non-recombined . template comprise 
only a small fraction of the am.pliHed gene population. 

The amplified recombmcd gene pool is digested with restriction 
enz^.mcs Xbad and Bam.Hl and ligated into the pNBlOSR exnpression vector 
described bv Zock et al. (35). Transfonnation of ligated DNA into E. coli strain 
TGI is done using the v.-ell chau-acterized calcium chloride transformation 



wo 98/42832 



PCT/US98/05956 



procedure. Transformed colonies are selected on LB/agar plates containing 
20 Kig/ml tetracycline. 

The mutagenic rate of the process is determined by measuring the 
percent of clones expressing an active esterase (20). In addition, colonics 
picked at random are sequenced and used to defme the mutagenic frequency 
of the method and the efficiency of recombination. 

EXAMPLE 3 

Recombination of pNB esterase genes using interspersed 
internal defined primers and staggered extension 

This example demonstrates that .the interspersed defmcd primer 

recombinauon technique can produce novel sequences through point 

mutagenesis and recombinauon of mutations present in the parent 

sequences. 

Experimental design and background information 

TV.-0 pi^3 esterase genes (2-13 and 5-312) were rccombined using the 
defined primer recombination technique. Gene products from both 2-13 and 
5-B12 arc measurably more Lhcrrr.Dsiablc than wild-c>T>c. Gene 2-13 contains 
9 mutations no; originally prescr.: in. the v;ild-rypc sequence, while gene 5- 
312 contains 14. The posiuons a: which these r.vo genes differ from one 
anotr.cr arc shov/n in FiG. 5. 

Table 3 shov.*s the sequences of the eight primers used in this example. 
LocaLion (at the 5* end c: ihe terr.plaie gene) of oligo annealing to the template 
genes is indicated in the table, as is primer orientation (F indicates a forv.-ard 
orimcr, R indicates reverse). These primers arc shown as arrows along gene 
2-13 in FIG. 5. 
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TABLE 3 

Sequences of primers used in this example 



name 


orientation 


location 


sequence 


RiMlA 


F 


-76 


GAGCACATCAGATCTATTAAC (SEQ. ID. NO: 3) 


RM2A 


R 


+454 


GGAGTGGCTCACAGTCGGTGG (SEQ. ID. NO: 4; 


S2 


F 


400 


TTGAACTATCGGCTGGGGCGG (SEQ. ID. NO: 5) 


S5 


F 


1000 


TTACTAGGGAAGCCGCTGGCA (SEQ. ID. NO: 6) 


S7 


F 


1400 


TCAGAGATTAGGATCG.^A.A^C (SEQ. ID. NO: 7) 


SS 


R 


1280 


GG.^TTGTATCGTGTGAGAAAG (SEQ. ID. NO: 8) 


SIO 


R 


880 


AATGCCGGA^GCAGCCCCTTC (SEQ. ID, NO: 9; 


SL3 


R 


260 


CACG.ACAGGAAG.ATTTTGACT (SEQ. ID. NO: IC- 



Materials and Methods 
De/ined-primer based recombination 

1. Prcparadon of genes to be recorr.bincd. Plasmids concaining ir.t genes 
to be recombined were purified froTi Lrar.sforrr.ed TGI cells using Lne Qiaprep 
kil (Qiagcn, Chatsworch, CA). Plasmids were quanu:a:ed by LTV absorpdon 
and mixed 1:1 for a final concenlraiion of 50 ng/uL 

2. Staggered e:c:ension PGR ar.d reassembly. 4 ^\ of the plasmid mL-crurc 
was used as template in a 100 ^1 s:ar.daj-d reaction (1.5 mM MgCb. 50 mM 
KCl. 10 mM Tris-HC: pH 9.0. 0.1% Triton X-iOO, 0.2 m.M dNTPs. 0.25 U Icq 
polymerase (Prom.ega, Nladison, Vvl)) which aJso contained 12.5 ng o:* each of 
tJnc S pri.m.ers. A conLro! reaction wh.lch contained no primers was aJso 
assembled. Rcacuons were Lne.~ocycled Lr.rough 100 cycles of 94'C, 30 
seconds; 55^C. 15 seconds. Che: -;g ar'aiiquot of ti-.e reaction on ar^ agarose 
gel at ihis poLnt shov/cd the product to be a large smear (v/ith no \nsible 
product in the no prim.er con*^'-ol). 

3. Dpnl digestion of the templates. 1 from trie assembly reactions was 
then digested v.-ith Dpnl to rem.ove Lhe tem.platc plasmid. The 10 ^1 Dpnl 
digest contained 1 x NEBuffer 4 and 5 U Dpnl (both obtained from New- 
England Biolabs, Beverly, NLA) ar.d was Lncubated at 37'C for 45 rrunutes, 
followed by Lncuba'-ion at 70'C :'or 10 minutes to heat kill l±ic .c.nr>Tne. 

4. PGR amplification :;f Lne reassembled products. The 10 ul digest was 
men added to 90 -I of a standard PGR reacdon (as described in step 2) 
containing 0.4 uM primers 5b (ACTT.A.ATCTAGAGGGT.ATTA) (SEQ. ID. NO: 1 1) 
and 3b (AGGCTCGCGGG.ATCCCCGGG) (SEQ. ID. NO: 12) spccifc for the ends 
of the gene. After 20 cycles of standard PCR (94''C, 30 seconds; 48'C, 30 



wo 98/42832 



PCT/US98/05956 



seconds, 72*»C, 1 minute) a strong band of the correct size (2 kb) was \isible 
when the reaction was checked on an agarose gel, while only a very faint band 
was visible in the lane from the no-primer control. The product band was 
purified and cloned back into the expression plasmid pNB106R and 

• transformed by electroporation into TGI cells. 

• Results 

Four 96 well plates of colonics resulting from this transformation were 
assayed for pNB esterase initial activity and thermostability. Approximately 
60% of the clones exhibited LnitJal activity and thenmostabilty within 20% of 
the parental gene values. Very few (10%) of Jthc clones were inactive (less than 
10% of parent initial acdvic)' values). These results suggest a low rate of 

• mutagenesis. Four muiancs with the highest thermostability values were 
sequenced. Two clones (6E6 and 6H1) were the^result of rccombLiation 
between the parental genes (FIG. 5|. One of the remaining two clones 
contained a novel point mutation, and one showed no difference from parent 
5B12. The combination of mutations T99C and C204T in mutant 6E6 is 
c^ndencc for a recombination event bci^vccn these ^vo sites. In addition, 
mutant 6HI shows the loss of mutauon A1072G (but the retention of 
mutations C103ST and T 13 IOC), which is evidence for two recombination 
events (one bcr.vccn sites 1023 and 1072, and ano'Jner bet^vecn 1072 and 
1310). A total of five new point mutations were found in the four genes 
sequenced . 

EXA.MPLE 4 

Recombination of tv:o thcrmosUble subtilisin E variantn 
using internal dcOned primers and staggered extension 

This example dem.onslrates that the defmed prLmer recombination 

technique can produce novel sequences containing new combinations of 

mutations present in the parent sequences. It further demonsL-ates the utilic>' 

of the defmed primer recombination technique to obtain further Improvements 

Ln enzyme performance (here, therrr.ostabilit}'). This example furt±icr shows 

that the defmed primers can bias ir.c recombination so that recombLnation 

'appears most often m the person of the sequence defmed by the prim.ers 

(inside the primers). F\irth--:rm.ore, this example shows that specific mutations 

can be inu-oduced into the recombined sequences by using the appropriate 

defined primer seQuence(s) containLng Lhe desired mutation(s). 



wo 98/42832 



PCT/US98/05956 



^0 

Genes encoding two thermostable subtiiisin E variants of Example 1 
(Rl and R2) were recombined using the defined primer recombination 
procedure with internal pdmers. FIG. 6 shows the four defmed internal 
primers used to generate recombined progeny genes from template genes Rl 
and R2 in this example. Primer P50F contains a mutation {A->T at base 
position 598) which eliminates a Hindlll restriction site and simultaneously 
adds a new unique Nhel site. This primer is used to demonstrate that specific 
mutations can also be introduced into the population of recombined 
sequences by specific design of the defmed primer. Gene R2 also contains a 
mutation A-*G at the same base position, which eliminates the Hindlll site. 
Thus restriction anaJysis (cutung by Nhel and Hindlll) of random clones 
sampled f.'-om the recombined library will indicate the efficiency of 
recombinadon and of the introducuon of a specific mutation via the mutagenic 
primer. Sequence analysis of randomly-picked (unscreened) clones provides 
further information on the recombination and mutagenesis events occurring 
during defined primer-based rccombLnaLion. 

Materials and Methods 

De/ined'pnmer bcsed recombincuor, 

A version of th.c defined primer based recombination illustrated in FIG. 
2 was caj-ried out with the addi'Jon of StEP. 

1. Prenaration of genes :o be recombined. About 10 ug of plasmids 
containing Rl and R2 gene were digested at 37'C for 1 hour v.-ith Nde! and 
SamHl (30 U each) in 50 pi of Ix buffer B (Boehringer Nlannhcim, 
indianaoolis, IN), insens o: appro.>dmatcly 1 kb were purified from 0.8% 
prcparauvc agarose gels usLng QLAEX li gei extraction 1-dt. The DNA inserts 
were dissolved in 10 mM Tris-HCl (pH 7.4). The DNA conccnU-ations were 
estimated, and the inserts were mixed 1 : 1 for a concentration of 50 ng/ul. 

2. Staggered extension PGR and reassembly. Conditions (100 u! final 
volume): about 100 ng mserts were used as template, 50 ng of each of 4 
internal primers, Ix Taq buffer. 0.2 mM of each dNTP, 1.5 mM MgCb and .25 
U Taq pol>*merasc. Program: 7 cycles of 30 seconds at 94''C, 15 seconds at 
55'C, followed by another 10 cycles of 30 seconds at 94''C, 15 seconds at 
55'C, 5 seconds a: 72'C (siaggered extension), followed by 53 c>-cles of 30 
seconds a- 94'C. 15 seconds a: 55'C, 1 minute at 72'C (gene assembly). 

3. Dpnl digestion of the templates. 1 pi of this reaction was diluted up to 
9.5 \i\ w-ith dH20 and 0.5 \x\ of Dpnl restriction enzymie was added to digest the 
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DNA template for 45 minutes, followed oy incubation at 70'C for 10 minutes 
and then this 10 ul was used as template in a 10-cycle PCR reaction. 
4. PCR amplification of reassembled products. PCR conditions (100 \i\ 
fined volume): 30 pmol of each outside primer P5N and P3B. Ix Taq buiTer, 0.2 
. mM of each dNTP and 2.5 U of Taq polymerase. PCR program: 10 cycles of 30 
• seconds at 94*C, 30 seconds at 55*C, 1 minute at 72*C. This program gave a 
single band at the correct size. The product was purified and subcloned into 
..- pBE3 shuttle vector. This gene Lbrary was amplified in £. coXi HBIOl and 
transferred into B. subtilis D3428 competent cells for expression and 
screening, as described elsewhere (35). Thermostability of enzyme variants 
was determined in the 96-well plate format.-describcd previously (33). 

DNA sequencing 

Ten £. coli HBlOl o-ansforrr.ancs were chosen for sequencing. Genes 
were purified using QLAprep spLn p!asn:;id miniprep kit to obtain sequencing 
quality DNA. Sequencing was cor.c cn an ABI 373 DNA Sequencing System 
using the Dye Terminator Cycle Sccucp.cir.g 1-ut (Pcrkdn-Elmcr. Branchburg, 
NJ). 

Results 

1) restriction analysis: 

Forty clones rar.dorr.ly picked fron^. the rccombLned library were 
digested v/ith res'^'iciior. cr.r.rr.cs iVhel ar.d S::.-:!:--!!. In a separate experiment 
the same forpy plasrr.ids v.-crc digested '.v-iih Hindlli and JBamHl. These 
reaction products v/cre ar.aiycjc by gel ciccL'ophoresis. .As shown in FIG. 7, 
eight out of 40 clones (aopro:crr.a:ciy 20%) contain the newiy introduced iVhei 
restriction site, demonsiraiing tr.at ir.c mutagenic primer has indeed been 
able to inLroduce the specified mutaiion into thie population. 

2) Dh'A sequence analysis 

The first ten randomly picked clones were subjected to sequence 
analysis, and the results are surr.rr-.arized in FIG. 8. A minimum of 6 out of 
the 10 genes have undergone rc::.:r.':;ination. Among these 6 genes, the 
minimal crossover events (rcccmb::-.::::::-.) ber.vcen genes Rl and R2 vary from 
' 1 to 4. M\ visible crossovers occurrc:: v.-iihin the region defined by the four 
primers. Mutations outside this region are rarely, if ever, recombined, as 
shown by the fact that there is no recombination becween the two mutations 
at base positions 484 ar.d 520. These results show uhat the defined primers 
can bias recombination so that i: appears most often in the pordon of the 
sequence defined by the prim.ers (inside tr.e primers). Mutations very close 
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together also tend to remain together (for example, base substitutions 731 and 
745 and base substitutions 1141 and 1153 always remain as a pair). 
However, the sequence of clone 7 shows th^it two mutations as close as 33 
bases apart can be recombined (base position at 1107 and 1141). 
5 Twenty-three new point mutations were introduced in the ten genes 

during the process. This error rate of 0.23% corresponds to 2-3 new point 
mutations per gene, which is a rate that has been determined optimal for 
generating mutant libraries for directed enzyme evolution (15). The mutation 
types are listed in Table 4. Mutations are mainly transitions and are evenly 
10 distributed along the gene. 

TABLE 4 

New point mutations identified in ten re.combined genes 



Transition 


Frequency 


Transvcrsion 


Frequency 


G A 


4 


A -> T 


1 


A -> G 


4 


A C 


I 


C -+ T 


3 


C -V A 


1 


T-> C 


5 


C -> G 


0 






G -> C 


1 






G -> T 


0 






T -> A 


3 . 






T G 


0 


A total of 9S60 bases \ 


verc sequenced 


. The muration rate was 


0.23% 



4j Phenotypic analysis 

Appro.Kimatcly 450 B. subtilis D3428 clones were picked and grown in 
SG medium supplemented \v\{h 20 ug/ml kanamycin in 96-wcU plates. 
Approximaiely 56Vo of the clones e.xpresscd active enz^-mes. From previous 
e.>xiericnce, we knovv that this level o: inactivation indicates a mutation rate on 
the order of 2-3 mutations per gene (35). Approximately 5% clones showed 
double mutant (MS 1 D+N218S)-like phcnorj,-pes (which is below the expected 
25% value for random rcco^b-.auon alone due primarily to poLnt 
mutagenesis). (DNA sequencing shov.-ed that nvo clones, 7 and 8, from the ten 
random.ly picked clones contain boin. N21SS and NISID mutations.) 



25 
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EXAMPLE 6 

Optimization of the ActinoplanBS utahensis ECB deacylase by 
the random-priming recombination method 

In this exainple, the method is used to generate short DNA fragments 

from denatured, linear, double-stranded DNA (e.g., restriction fragments 

purified by gel electrophoresis; 22). The purified DNA, mixed with a molar 

excess of primers, is denatured by boiling, and synthesis is then carried out 

using the Klenow fragment of £. co/i DNA pol>'merase I. This enzyme lacks 

5*^3" exonuclease activity, so that the random priming product is synthesized 

exclusively by primer extension and is not degraded by exonuclease. The 

reaction is carried out at pH 6,6, where the 3'->5' exonuclease activic>* of the 

enz>Tne is much reduced (36). These conditions favor random initiation of 

s>Tithesis. 

The procedure involves the following seeps: 

1. Cleave the DNA of intcrcs: with appropriate restriction 
endonuclease(s) and purify the D.N'A fragment of interest by gel electrophoresis 
using V/i^ard PGR Prep Kit (.^rorr.cga, .Madison, \vl). As an example, the 
Acdnoplanes utahensis ECB deacylase gene was cleaved as a 2.4 kb-long Xho 
I'PshAi fra^.cnt from Lhe recombinar.: piasmid pSHPlOO. k was essential to 
linearize the DN.^ for the subsccucr.: den ar^: ration s:ep. The fragment was 
p-rS:cd by agarose ge! eiecircphorcsis using the Vv'izard PGR Prep Kit 
(Promega, Madison, V.'i) (FiG.9, step (a)). Gc! p'jrif.caLion v/as also cssentiaJ in 
order to remove the restriction endonucieasc b'Jlicr from the DN.A, since the 

i\!g-* ions mal:e it difficult to denature the D.NA in the next step. 

2. 400 ng (about 0.51 pmol) of the double-stranded DNA dissolved 
in H2O was mixed v-nth 2.75 pg (about 1.39 nmol) of dp[N)6 random primers, 
.-"^iter imm*ersion in boiling 'A-ater for 3 m.inutes, the mucturc was placed 
imm.ediately in an ice/cthanol bath. 

The size of the random priming products is an inverse function of the 
concentration of primer (33). The presence of high concentrations of primer is 
thought to lead to stcric hindrance. Under th.e reaction conditions described 
.here Lhe random, prim.ing prc-duc:s are appro:>dmateiy 200-400 bp, as 
determ.Lned by electrophoresis tin rough vjr, aJJ-raJine agarose gel (FIG. 9 step b). 

3. Ten pi of 10 x reaction buffer (lOX buffer: 900 mM HEPES, pH 
6.6; 0.1 M magnesium, chloride, 10 mM dithiotinreitoi, and 5 mM each dATP, 
dCT?, dGTP and dTTP) was added to tine denatured sample, and the total 
volume of the reaction mucrare was brought up to 95 pi with H7O. 
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4. Ten units (about 5 pi) of the Klenow fragment of E.coh DNA 
polymerase I was added. All the components were mixed by genUy tapping the 
outside of the tube and were centrifuged at 12,000 g for 1-2 seconds in a 
microfuge to move all the liquid to the bottom. The reaction was carried out at 
22°C for 35 minutes. 

The rate of the e.xtension depends upon the concentrations of the 
template and the four nucleotide precursors. Because the reaction was 
carried out under conditions that minimi2e exonucleolytic digestion, the newly 
synthesized products were not degraded to a detectable extent. 

5. After 35 minutes at 22'C, the reaction was terminated by cooUng 
the sample to O'C on ice. 100 pi of ice-cold H2O was added to the reaction 
mlvture. 

6. The random primed products were purified by passing the whole 
reaction mixture through Cenlricon- 100 (to remove the template and proteins) 
and Centricon-10 filters (to remove tr.a primers and fragments less than 50 
bases), successively. Centricon filters are available from Amicon Inc (3er^-erly. 

The retentate fraction (about 85 vX in volume) was recovered from 
Centricon-10. This fraction contained the desired random priming products 
(FIG. 9, step c) and v/as used lor whole gene reassembly. 

Reassembly of Lhc whole gene was accompUshcd by the foUowi.ag steps: 

1. For reassembly by PGR, 5 '^1 of t:-i= random-primed DNA 
fragments from Ger-.u-icor-.- 10, 20 pi of 2.x PGR pre-mLx (S-fold diluted cloned 
.c/j buffer, 0.5 mM each dNTP, 0.1 U/p! clor.sd P/u pol>Tr.crase (Stratagene, La 
Jo!!a, CA)), 8 pi of 30% (v/v) glycerol and 7 p! of H7O were mLxed on ice. Since 
the concentration of the random-prLmed DN.^ fragm.cnts used for reassem.bly 
is the most L-nportant variable, it is useful to set up several separate reactions 
with different concentrations to establish the preferred concentration. 

2. After incubation at go'C for 6 minutes, 40 Lhermocyclcs were 
performed, each uith 1.5 minutes at 95'C, 1.0 minutes at 55'C and 1.5 
mLnutes + 5 second/c>'cle at 72'C, vs-^.th th.e extension step of the last cycle 
proceedLng at 72°G for 10 m.un'jtes. i.-. a DN.A Eng^-ne PTG-200 (MJ Research 
Inc., V/atcr.own, I'-l.A) apparatus v.-it>.out addir.g any m.ineraJ oil. 

3. 3 pi aliquots at cycles 20, 30 and 40 were removed from the 
reaction mboure and analyzed by agarose gel electrophoresis. The 
reassembled PGR product at 40 cycles contained the correct size product in a 
smear of larger and smaller saes (see FIG. 9, step d). 
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The correctly reassembled product of this first PCR was further 
amplified in a second PCR reaction which contained the PCR primers 
complementary to the ends of the template DNA. The amplification procedure 
was as foUows: 

1. 2.0 pi of the PCR reassembly aliquots were used as template in 
100-pl standard PCR reactions, which contained 0.2 mM each primers of 
;choF28 (5' GGTAGAGCGAGTCTCGAGGGGGAGATGC3') (SEQ. ID. NO: 13) and 
pshR22 (5' AGCCGGCGTGACGTGGGTCAGC 3') (SEQ, ID. NO: 14), 1.5 mM 
MgCb, 10 mM Tris-HCl (pH 9.01. 50 miM KCl, 200 pM each of the four dNTPs. 
6% (v/v) glycerol, 2.5 U of Tag polymerase (Promcga, Madison, WI) and 2.5 U 
of P/u polymerase (Stratagcne, La Jolla, CA)^ 

2. After mcubation at 96'C for 5 mmutes, 15 thermocycles were 
performed, each with 1.5 minuccs at 95°C, 1.0 minutes a: 5S°C and 1.5 
minutes at 72°C, followed by addidonai 15 thermocycles of 1.5 minutes at 
95''C, 1.0 minutes at 55°C and 1.5 minutes + 5 second/cycle at 72''C v.-ith che 
extension step of the last cycle proceeding a: 72'*C for 10 m.inutes. in a DNA 
Engine PTC-200 (MJ Research Inc., V/aienown, MA) apparatus without adding 
any mineral oil. 

3. The ampli:1cadon resulted in a large amount of PCR product 
with the correct si^e of the EC3 dcac/lasc whole gene (FIG. 9, step c). 

Cloni.ng was accompiishcd as folio-.^'-s: 

1. The PCR product of EC3 deacylase gene was digested with Xho 1 
and .^sh AI restriction enrrTncs, and cloned into a modified plJ702 vector. 

2. S. litAdans TK23 protoplasts were transformed with the above 
ligation mixture to form a mutant library. 

In situ screening the ECB deacvlase rr.utants 

Each transformant within the S. liuidans TK23 library obtained as 
described above was screened for deacylase acU'.ity with an in situ plate assay 
method usLng ECB as substrate. TranGformed protoplasts were allowed to 
regenerate on R2YE agar plates by incubation at 30'C for 24 hours and to 
develop in the presence of thios'j-cpton for funher 48-72 hours. V/hen the 
colonies grew to proper sL*'.e, 6 ml of 4 5'C purified-agarose (Sigma) solution 
containing 0.5 mg/ml ECB in 0.1 M sodium acetate buffer (pH 5.5) was 
poured on top of each PJ2YE-agaj plate and allowed to furuher develop for 18- 
24 hours at 37^C. Colonies surrounded by a clearing zone larger than that of a 
conu-ol colony contaming wild-t^,pe recombLnant plasmid pSHP150-2 were 
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indicative of more efficient ECB hydrolysis resulting from improved enzyme 
properties or improved enzyme expression and secretion level, and were 
chosen as potential positive mutants. • These colonies were picked for 
subsequent preservation and manipulation. 

HPLC assav of the ECB deacv lase mutants 

Single positive transformants were inoculated into 20 ml fermea-^tion 
medium containing 5 >ig/ml thiosu-epton and allowed to grow at 30"C for 48 
hours. At this step, all cultures were subjected to HPLC assay using ECB as 
substrate. 100 pi of whole broth was used for an HPLC reaction at 30'C for 30 
minutes in the presence of 0.1 M NaAc (pH 5.5), 10% (v/v) MeOH and 200 
pg/ml of ECB substrate. 20 pi of each reaction mbcrure was loaded onto a 
PolyLC polyhydroxyechyl aspartamide column (4.6 x 100 mm) and eluzed by 
acetonitrile gradient at a flo-.v rate of 2.2 ml/min. The ECB-nucleus was 
detected at 225 nm. 

Puri-lcation of the ECB deacvia se rr.\:\zr:.z 

After the HPLC assay, 2.0 rr,! prc-culrures of all potential positive 
muta-nts were then used to inocuLv.c 50-ml fe.-mcntation medium and allowed 
to grow at 30°C, 280 rpm for 95 hours. These 50-ml cultures were then 
ccntrifugcd a: 7,000 g for 10 r-.inu;ts. The supcrnata.-.ts were re-ccntrifugcd 
at 16,000 g for 20 rranu'.cs. The su?cmata.n:s containLng uhc ECB dear.'lase 
mutant enr.— es w-r: stored •20'C. 

The supcrr.atants iro~. tr.c positive mutants were further concentrated 
to 1/30 their original volume •.-."ith an ;Ajnicon filtration unit with molecular 
weight cutoff of 10 kD. The resulting enr,-m.e samples were diluted v.-ith an 
equal volume of 50 mM KHjPO. (?H 6.0) buffer and 1.0 ml was appUcd to Ki- 
Trap ion exchange column. The binding buffer was 50 mM KH.PO. (pH 6.0), 
and the clution buffer was 50 mM KH^PO. (pH 6.0) and 1.0 M NaCl. A linear 
gradient from 0 to 1.0 M NaC! v-as applied in 8 column volumes with a Oo-.v 
rate of 2.7 ml/mLn. The ECB dcar/iase m.uiant fraction eluted at 0.3 M NaCl 
and was concentrated and buffer c:::hanged into 50 mM KH:PO. (pH 6.0) in 
. Amicon Centiicon-10 units. Zt^-.z ?uric>- was verified by SDS-PAGE, and 
the concentration was determined using the Bio-Rad Prolein Assay. 

9,r^fc\'C^c activitv assav of the ECB ri^-.^.cvlase mutants 

4.0 pg of each purified ECB deacylase mutant was used for the activity 
assav at 30°C for 0-60 mLnutes in the presence of 0.1 M Na^^c (?H 5.5). 10% 



wo 98/42832 



PCTAJS98/05956 



3^ 

(v/v) MeOH and 200 pg/ml of ECB substrate. 20 pi of each reaction mixture 
was loaded onto a PolyLC polyhydroxyethyl aspartamide column (4.6 x 100 
mm) and elated with an acetonitriie gradient at a flow rate of 2.2 ml/min. The 
reaction products were monitored at 225 nm and recorded on an IBM PC data 
acquisition system. The ECB nucleus peak was numericaJly integrated and 
used to calculate the specific activity of each mutant. 

As shown in FIG. 10, af:er only one round of applying this random- 
priming based technique on the %v'ild-t>Tpe ECB deacylasc gene, one mutant 
(M16) from 2,012 original transformants was found to possess 2.4 times the 
specific activity of the wild-type enzyme. FIG 11 shows that the activity of 
M16 has been increased relative to that of.thc wild-cypc enzyme over a broad 
pH range. 

Improving the thermosUbility Bacillus subtHis subtilisia E 
using the random-sequence primer recombination method 

This example dcmonsL-aics ih.c use of various DNA polymerases for 
pnmcr-bascd recombination. i: :urihcr demonstrates the stabiLizaiion of 
subtilisin E by rccombLnation. 

Genes Rl and R2 cncodir.g ir.e ro/o thermostable subtilisin E variants 
described in Example 1 v.-crc chosen as One tcn-.plaics for recombination. 

(I) Tcrge: gene preparauor. 

Subtilisin £ thcr"DS-b:c mutant genes Rl and R2 (FIG. 11) were 
subjected to random pnmed DN'A s}-nthesis. The 956-bp fragment includLng 
45 nt o! subtilisLn E prosequence. Lhe entire marare sequence and 1 13 nt after 
Lhc stop codon v/cre obtained by double digestion of plasmid pBE3 with Bam 
Kl and Nde 1 and purif.ed from a O.S% agarose gel using the Wizard PGR Prep 
Kit (Promega, Madison, V/I). 1: was essential to linearize the DNA for the 
subsequent dcnaturation step. Gel purification was also essential in order to 
remove th.c restriction endonuclease buffer from the DNA. since the Mg^' ions 
maJ-:e it difficult to denature the DNA in th.e next step. 

(2) Random primed DNA synthesis 

Random pnmed DNA s;"thesis used to generate short DNA fragments 
from denatured, Imear, double-su-anded DNA. The purified B. subtUis 
subtiiism E mutant genes, mixed with a m.olar excess of prLmcrs, were 
denatured by boiiu-.g. and s—unesis T'/as then carried out using one of the 
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foUowing DNA polymerases: the Klenow fragment of £. coli DNA polymerase I. 
bacteriophage T4 DNA polymerase and T7 sequenase version 2.0 DiNA 
polymerase. 

Under its optimal performance conditions (29), bacteriophage T4 DNA 
polymerase gives similar synthesis results as the Klenow fragment docs. WTien 
T7 sequenase version 2.0 DNA polymerase (31. 32) is used, the lengths of the 
synthesized DNA fragments are usually larger. Some amount of MnClj has to 
be mcluded during the synthesis in order to control the lengths of the 
synthesized fragments within 50-400 bases. 

Short, nascent DNA fragments can also be generated with PGR using 
the Stoffel fragment of Tag DNA polymerase or Pfu DNA polymerase. An 
important consideration is to identify by routine e.xnpcrimentation the reaction 
conditions which ensure that the short random primers can anneal to the 
templates and give sufficient DNA amplificauon at higher temperatures, V/c 
have found that random primers as short as dp(N)t:! can be used with PGR to 
generate fragments. 

2.1 Random primed DNA s>'nihc5is with the Klenow fragment 

The Klenow fragmen: of £. colt' DNA pol>Tnerase 1 lacks 5'->3' 
exonuclcasc activity, so tha: tr.c rar.dom priming product is s>-nunesi2cd 
exclusively by pnme: extension a.nd is not degraded by c.xonuclcase. The 
rcact:on was carried out at pH 6.6. where the 3'->5' cxonuclease activity of the 
cnz-^TT^.e is much reduced (36). These condidons favor random iniiiadoa of 
synLhcsis. 

1. 200 ng (about 0.7 pm.ol) of RI DNA ar.d ' equal amount of PJ2 DNA 
dissolved in H2O was m.bicd with 13.25 pg (about 6.7 nmol) of dp(N)5 random 
prim.ers. After im.merslon Ln boiling v/ater for 5 minutes, Lhe mLmirc was 
placed im.mediately in an ice/cthanol balh. 

The size of the random prim.ing products is an inverse function of uhe 
concentration of pr.^.cr (30). The presence of high concentrations of primer is 
thought to lead to steric hindrance. Under the reacdon conditions described 
here the random prim.ing products arc apprordm.atcly 50-500 bp, as 
, determined by agarose gel electrophoresis. 
2. Ten pi of 10 x reaction buffer [lOx buffer: 900 mM HEPES. pH 6.6; O.l 
M ma-nesium chloride, 20 mNt dithiodnrcitol, and 5 mM each d-^TP. dCTP, 
dGTP aund dTTP) was added to the denaaired sample, and the total volume of 
lhe reacdon mbcrure was brought up to 95 pi %^-:th H2O. 
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3. Ten units (about 5 \A) of the Klenow fragment of B.coh DNA-poKmerase 
I (Boehringer Majinheim, IndianapoUs, IN) was added. All the components 
were mixed by gently tapping the outside of the tube and were centrifuged at 
12,000 g for 1-2 seconds in a microfuge to move all the Uquid to the bottom. 
The reaction was carried out at 22**C for 3 hours. 

The rate of the extension depends upon the concentrations of the 
template and the four nucleotide precursors. Because the reaction was carried 
out under conditions that minimize exonucleolytic digestion, the newly 
synthesized products were not degraded to a detectable extent. 

4. After 3 hours at 22''C, the reaction was terminated by cooLLng th = 
sample to 0»C on ice. 100 \x\ of ice-cold H^O was added to the reaction 
mbcrure. 

5. The random primed products were purified by passing the whole 
reaction mLmire through Microcon-lOO (Amicon, Beverly MA) (to remove the 
template and proteins) and Microcon-10 filters (to remove the primers and 
fragments less than 40 bases), successively. The retentate fraction (about 65 
pi in volume) was recovered from \hz Microcon-10. This fracdon contai.-iLig the 
desired random priming products was buffer-exchanged against PCR reaction 
buffer with the new Microcon-10 fur-Jner use in whole gene reassembly. 

2.2 Random primed DNA s>-nihesis wlLn bacteriophage T4 DNA pol>-me:ase 

Bactcnophagc 14 DNA pol^-m.crasc ar.d the Klcno'.v fragment of E.coli 
DNA polvmicrase 1 a-'e sim.ilar in that each possesses a 5*-3' pohmierase 
acLivi-y and a 3--5' exonuciease acdvir/. The exonuclcases acuv-icy of 
bacteriophage T4 DNA polymerase is m.orc than 200 limes that of the Klenow 
fragment. Smce it does no: displace the short oligonucieoLidc primers from. 
sLngle-stranded DNA templates (23). Lhe efficiency of mutagenesis is difTercn: 
from the KJenow fragm.ent. 

1. 200 ng (about 0.7 pmo!) of Rl DNA and equal amount of PJ2 DNA 
dissolved in H2O was mixed wim 13.25 pg (about 6.7 nm.ol) of dp(N)5 random 
primers. After imm.ersion in boUmg water for 5 minutes, Lhc mlxrure was 
placed immediately in an ice/eCnar.ol balh. The presence of high concentra- 
tions of primer is thought to lead to stcric hindrance. 
' 2. Ten pi of 10 x reaction buffer jlOx buffer: 500 mM Tris-HCl, pH 8.S: 

150 mM (NH4)oS04; 70 mM magnesium, chloride, 100 mM 2-mcrcaptoethanol. 

0.2 mg/m.l bovine serum, albumin ar.d 2 m.M each dATP, dCTP. dGTP and 

dTTP) was added to the denarared sample, and the total volume of the 

reacdon mucrure was brought up to 90 ^1 wim H2O. 
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3. Ten units (about 10 nl) of the T4 DNA polymerase I (Boehnnger 
Mannheim, Indianapolis. IN) was added. All the components were mixed by 
gently tapping the outside of the tube and were centrifugcd at 12,000 g for 1-2 
seconds in a microfuge to move all the Uquid to the bottom. The reaction was 
carried out at 37'C for 30 minutes. Under the reaction conditions described 
here the random priming products arc approximately 50-SOO bp. 

4. After 30 minutes at 37°C, the reaction was terminated by cooling the 
sample to O'C on ice. 100 nl of ice-cold H5O was added to the reacdoa 
mbcture. 

5. The random primed products were purified by passing the whole 
reaction mixture through Microcon-100 (to remove the template and proteins) 
and Microcon-10 filters (to remove the primers and fragments less thaji 40 
bases), successively. The retenrate fraction (about 65 pt in volume) was 
recovered from the Microcon-10. This fraction containing the desired random 
pnming products was buffcr-e.xchar^.ged against PGR reaction buffer ^.-:'_h the 
new Microcon-10 further use in whole gs.^^ reassembly. 

2.3 Random primed DNA s>mthes;s u-ith Lhe T7 sequenase v2.0 DNA 
pol>Tncrasc 

Since the T7 sequenase v2.0 DNA polymerase lacks c.xonuclcasc 
acL^vir.- and is highly proccsslvc, the average length of DNA s>-nLh=s:..=d ,s 
greater than that of DNAs s-.'-h.: sized by the 'rClenov.. fragment or 14 DNA 
polymerase. But in ih: presence of proper amount of MnCl, in the reaction, 
the size of the synu-.esizec ;rag~.e.".:s can be conirollcd to less than ^,00 bps. 

1. 200 ng (about 0.7 pmo!) of Rl DNA an.d equal amount of R2 DNA 
dissolved m H,0 was mi:<ed with 13.25 pg (about 6.7 nmol) of dp(N)5 random 
primers. After immersion in boding water for 5 minutes, the mbcaire was 
placed immediately in an ice/eth.anol bath. The presence of high concen- 
trations of primer is thought to lead to steric hindrance. 

2. Ten pi of 10 .x reaction buffer (lOX buffer: 400 mM Tris-HCl. pH 7.5; 
200 mM magnesium chloride, 500 mM NaCl, 3 mM MnCl,, and 3 mM each 
dATP. dCTP, dGTP and dTT?) was added to the denatured sample, an.d the 
total volume of the reaction mLxr^rc was brought up to 99.2 pi with H,0. 

' 3. Ten units (about 0.8 pi) of tr.e T7 Sequenase v2.0 (.Amersham Life 
Science, Cleveland, Ohio) was added. .-Ml the components were mixed by 
genUy tapping the outside of the cube and were centrifuged at 12.000 g for 1-2 
seconds in a microfuge to move ail th.e liquid to the bottom. The reacdon was 
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carried out at 22**C for 15 minutes. Under the reaction conditions described 
here the random priming products are approximately 50-400 bps, 

4. After 15 minutes at 22^0, the reaction was terminated by cooling the 
sample to 0**C on ice. 100 pi of ice-cold H3O was added to the reaction 
mixture. 

5. The random primed products were purified by passing the whole 
reaction mbcture through Microcon-100 (to remove the template and proteins) 
and Microcon-10 filters (to remove the primers and fragments less than 40 
bases), successively. The retentate fraction (about 65 pi in volume) was 
recovered from the Microcon-10. This fraction containing the desired random 
priming products was buffer-e.xchanged against PGR reaction buffer with the 
new M'crocon-10 further use in whole gcr.e reassembly. 

2-4 Random primed DNA synthesis witJi PGR using the Stoffel fragment of 
Taq DNA pol>TTierase 

Similar to the Klenow fragmcr.: of E. co/i DNA polymerase 1, the Stoffel 
fragment of Taq DNA pol>TTicrase lacks 5' to 3' exonuclease activicy. It is also 
more Lhermostable than Taq DNA pr:>-Tr.crasc. The Stoffel fragment has low 
procsssivir^', c:cicndLng a primer an average of only 5-10 nucleotides before it 
dissociates. As a result of its lo-.vcr proccssivir/, \i may also have improved 
fidcliPr'. 

1. 50 ng (about C.175 p-.o!) of Rl DNA ar.d equal amount of R2 DN.A 
dissolved in H:0 was mLxcd v.-;l" 6.13 ug (abou: 1.7 nmoi) of dp(N)i3 random 
primers. 

2. Ten pi of 10;-: reactor. prc-rr.Lx [10;< reaction pre-mLx: 100 mM Tris-HCl, 
dH S.3; 30 mM magncsiurr. chloride, 100 mM KCl, and 2 mM each dATP, 
dCTP. dOTP and dTTP) was added, and the total volume of the reaction 
mLxrure was brought up to 99.0 \x\ v-ith H2O. 

3. .After incubation at 96''C for 5 mL-.utes, 2.5 units (about 1.0 pt) of the 
Stoffel fragment of Taq DNA pol%-Tr.crasc (Perl-dn-Elmer Corp., Norv-'aU-:, CT) 
v/as added. Thirty-five thermoc/clcs v.-cre performed, each uith 60 seconds at 
95*C, 60 seconds at 55'C and 50 scccr.ds at 72'C. uithout the extension step 
of the last Or'cle. in a DNA Engine PTC-2C0 (MJ Research Inc.. V/atcrtown, MA) 
aooaj-arus. Under the reaction condiuons described here the random priming 
products are approximately 50-500 bp. 

4. The reaction was terminated by cooling the sample to O'C on ice. 100 pi 
of ice-cold H2O was added to the reaction mLxture. 
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5. The random primed products were purified by passing the whole 
reaction mixture through Microcon-100 (to remove the template and proteins) 
and Microcon-10 fdters (to remove the primers and fragments less than 40 
bases), successively. The retentate fracdon (about 65 pi in volume) was 
5 recovered from the Microcon-10, This fracdon containing the desired random 

priming products was buffer-exchanged against PGR reacuon buffer wi:h the 
new Microcon-10 further use in whole gene reassembly. 

2.5 Random primed DNA s>Ti:hesis with PGR using Pfu DNA polymerase 
10 Pfu DNA polymerase is extremely thermostable, and the enzyme 

possesses an inherent 3' to 5' exonuclease acdvity but does not possess a 
5'->3' exonuclease acuvity. Its base substicudon fidelity has been estimated to 

be 2 X 10-6. 

1. 50 ng (about 0.175 pn\o\] of Rl DNA and equal amount of R2 DNA 
15 dissolved in H?0 was mixed wiih b.\2rv,g (about 1.7 nmol] of dp(N)i2 random 

primers. 

2. Fifcy pi of 2 x rcacdor. prc-r^.Lx [2 x reaction prc-mb:: 5-fold diluted 
cloned Pfu buffer (Stra:agene, La Jolia, C.A), 0.4 mM each dNTPj, was added, 
and the total volume of Lhc reac*uor. r^.Lxr^rc was brought up to 99.0 wiLh 

20 H2O. 

3. After incubation a: 96'C for 5 minutes, 2.5 units (about 1.0 pi) of Pfu 
DN.^ polvnmcrase (SLratagcr.c. La Jolla. C.A) was added. Thirty- five thermo- 
cycies were performed, each wiun 60 seconds at-QS^'C, 60 seconds at 55'C and 
50 seconds at 72*C, wit±iou: the extension step of the last c>'cle, in a DNA 

2 5 Engine PTC-200 (MJ Research Inc., V/atertov.-n, NIA) apparatus. Under the 

reacuon conditions described here the major random priming products arc 
apprordmately 50-500 bp. 

4. The reaction was terminated by cooling the sample to 0°C on ice. 100 
pi of ice-cold H2O v/as added to the reacJon mLcturc. 

3 0 5. The random pruned products v.-crc purified by passing Lhe whole 

reaction mixture through Microcon-lCO (:o remove the template and proteins) 
"and Microcon-10 fdcsrs (to remove the primers and fragments less than 40 
bases), successively. The reientaie fracaon (about 65 pi in volum.e) was 
recovered from the Microcon-10. This fracdon containing the desired random 
3 5 priming products was buffer-exchanged against PGR reacuon buffer u*ith the 

new Microcon-10 further use in whole gene reassem.bly. 
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(3) Reassembly of the whole gene 

1. For reassembly by PGR, 10 ^ll of the random-primed DNA fragments 
from Microcon-10, 20 yl of 2 X PGR pre-mix {5-fold diluted cloned Pfu buffer, 
0.5 mM each dNTP. 0.1U/m1 cloned PJu polymerase (Stratagcne, La JoUa, CA)), 
15 pi of H2O were mixed on ice. 

2. After incubation at 96''C for 3 minutes, 40 thcrmocyclcs were 
performed, each with 1.0 minute at 95°C, 1.0 minute at SS^C and 1.0 minute 
+ 5 second/cycle at 72°C, with the extension step of the last cycle proceeding 
at 72'C for 10 minutes, in a DNA Engine PTC-200 (MJ Research Inc.. 
Watertown, MA) apparatus without adding any mineral oil. 

3. 3 pi aliquots at cycles 20, 30 and 4-0 were removed from the reaction 
mLxCure and analyzed by agarose gel electrophoresis. The reassembled PGR 
product at 40 cycles contained the correct size product in a smear of larger 
and smaller sizes. 

(4) Amplification 

The corrccUy reassembled product of this first PGR was further 
ampHficd in a second PGR reaction which contained the PGR primers 
complementary to th.e ends of the tcrr.pla:e DNA. 

1. 2.0 jjI of the PGR rcassen-;bly aJiquots were used as template in lOO-pl 
standard PGR reactions, which con:a:ncd 0.3 mM each primers of PI (5' 
GCGAGCGITGG AT.^TGTGG.^.^G B") (SEQ. ID. NO: 15) and P2 (S* 
GG.-\GTGTAG.nGG.nTGGG.ATTG 3') (SEQ. ID. NO: 16). 1.5 mM MgGb. 10 mM 
Tris-HCl |pH 9.0], 50 mNi KGl. 200 mM each o:' the four cNTPs, 2.5 U of Taq 
poKTnerase (Promega, Madison. WI. US.^) and 2.5 U of Pfij pol>Tnerasc 
(SLratagene. La Jolla, GA). 

2. After Lncubauon at 96°G for 3 mLnutes, 15 thermocycles were 
performed, each with 60 seconds at 95^G. 60 seconds at 55'G and 50 seconds 
at 72^G. followed by additional 15 thermocycles of 60 seconds at 95X, 60 
seconds at 55^C and 50 seconds 5 second/cycle) at 72'C with the extension 
step of the last cycle proceeding a: 72-^C for 10 minutes, in a DNA Engme PTG- 
200 (MJ Research Inc., V/atcrLOwn. N'.A; apparatus v'.nthout adding any mineral 

• oil. 

3. The ampluication resulted in a large amount of PGR product ^^ilh the 
correct size of the subtihsLn E whole gene. 



(5) Cloning 
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Since the short DNA fragments were generated y.ith five different DNA 
polymerases, there were five pools of final PCR amplified reassembled 
products. Each of the DNA pool was used for constructing the corresponding 
subtilisin E mutant library. 

1 The PCR amplified reassembled product was purified by Wizard DNA- 
CleanUp kit (Promega. Madison, Wl), digested with Bam HI and Nde 1, 
electrophoresed in a 0.8% agarose gel. The 986-bp product was cut from the 
gel and purified by Wizard PCR Prep kit (Promega, Madison. Wl). Products 
were Ugated with vector generated by Bam Hl-Nde 1 digestion of the pBE3 
shuttle vector. 

2 E. coli HBlOl competent cells were iransformed the above ligation 
mbccure to form a mutant librae'. About'^.OOO transfonnants from this Ubrar>- 
were pooled, and recombinant p'.asmid mixture was isolated from this pool. 

3 B. subtilis DB428 competent cells were transformed with the above 
isolated plasmid mixture to form another Ubrao- of the subtilisin E variants. 

4 Based on the DNA pol>-meras= used for random priming the short, 
nascent DNA fragments, the five libraries constructed here were named: 
librax^VKlenow, libra.'y/T4, librar:,7S=qu=aase. library/Stoffel and library/Pm. 
About 400 tranforrr.ants from each library were randomly picked and 
subjected to screening for thermostabili:>' (sec Step (7)!. 

(5) Random clone sequsnc-.r.g 

Ten random clones frorr. the 3. S'Ms D3423 Ubrar,-/ Klenow was 
chosen for DNA sequence a.nalysis. Rccorr.b.nant plasmids were indiv-idually 
pursued from 3. subuUs D3^23 usung a QL^prep spin plasmid miniprep k.t 
(QUGPN) wi-n t:n= modiucataon tl.at 2 mg/ml lysoryme was added to ?1 buffer 
and the cells were incubaud for 5 minutes at 37'C, retransform.ed into 
^etent £. co(i HB 101 and then purified again using QlAprep spin plasmid 
'nio'reo VSl to obtain sequencing ouaJiry DNA. Sequencing was done on an 
ABI 373 DNA Sequencing System using t:ne Dye Terminator Cycle Sequencing 
kit (Perldn-Elmer Corp., Norv.-aik, CT). 

(7) Screening for thermostcbiiity 

About 400 transformar.ts from each of the five Ubraries described at 
Steo (4) were subjected to screening. Screening was based on the assay 
described previously (33, 35). using succinyl-Ala-Ala-Pro-Phe-p-nitroanUide 
(SEQ. ID. K0-. 25) as subsuate. S. subtilis DB428 containing the plasnud 

„^ I R/i-:.-ia-T'vcln CO u°/ml) plates. After 18 hours at 
library were grovvm on Lb/!-.ana>i.yCui i-u i k 



comp 
mi 
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37«C single colonies were picked into 96-well plates containing 100 pi 
SG/kanamycin medium per well. These plates were shaken and incubated at 
: SyC for 24 hours to let the cells to grow to saturation. The cells were spun 
. down, and the supematants were sampled for the thermostability assay. 
Three replica 96-well assay plates were duplicated for each growth plate, with 

- each well containing 10 ml of supernatant. The subtilisin activities were then 
measured by adding 100 ml of activity assay solution (0.2 mM succinyl-Ala- 

- Ala-Pro-Phe-p-nitroaniUde (SEQ. ID. NO: 25), 100 mM Tris-HCl, 10 mM CaCh, 
pH 8.0, 37 **C). Reaction veiocidcs were measured at 405 nm over 1.0 min. in 
a ThcrmoMax microplate reader (Molecular Devices, Sunnyvale CA). Activity 
measured at room temperature was used to calculate the fraction of active 
clones (clones vnth activity less Lhan 10% of that of wild type were scored as 

■ inactive). Initial activity (Ai) was measured after intubating one assay plate at 
65^*0 for 10 minutes by immediately adding 100 \A of prcwarmed (37'C) assay 
solution (0.2mM succinyl-.Ala-.Ala-Pro-Phe-p-nitroanilide (SEQ. ID. NO: 25). 
100 mM Tris-HCl, pH 8.0, 10 mM CaCb) into each well. Residual acdnty (.Ar) 
was measured after 40 m.Lnute incubadon. 

(8) Seq^dence Ana\\js\s 

rd:cr screening, one clone that showed Lhe highest thermostability 
wiLhin the 400 transforn-.ar.ts frorr. the librae// KJ enow was re-strca:<cd on 
L3/kari2mycin agar p!a:c, ar.d sLngle colonies derived from this plate were 
inoculated into tube culrares, To: glycerol stock and plasmid prcparadon. The 
reco.n-.binant plasrr.id was pL:rir:ed using a QL-^prep spin plasmid miniprep kit 
(QIAGEN) with the mod::'caticn ih.at 2 mg/ml lysozv-me was added to PI buffer 
and the cells were incubated for 5 minutes at 37*C, retransformcd into 
competent £. coli HB 101 and then purified again using QL^prep spin plasmid 
miniprep 1-dt to obtain sequencing quality DNA. Sequencing was done on an 
.ABI 373 DNA Sequencing System using th.c Dye Term.Lnator Cycle Sequencing 
kit (Pcrkin-Elmer Corp., Nor^'all:. CT). 

Results 

I. Recombination frequency ar.d c:':':ciency associated with the random - 
sequence recombijiaUon. 

The random primed process was carried out as described above. The 
process is illustrated in FiG. 1. Ten clones from the mutant library/ Klenow 
were selected at random and sequenced. As summarized in FIG. 12 and Table 
5 ail clones were different from, the parent genes. The frequency of occurrence 
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of a particular point mutation from parent Rl or R2 in the recombined genes 
ranged from 40% to 70%, fluctuating around the expected value of 50%. This 
indicates that the two parent genes have been nearly randomly recombined 
w^th the random primer technique. FIG. 12 also shows that all ten mutations 
can be recombined or dissected, even those that arc only 12 bp apart. 

We then estimated the rates of subtLlisLn thermoinactivation at 6S°C by 
analyzing the 400 random clones from each of the five libraries constructed at 
Step (5). The thermostabilities obtained from one 96-well plate are shown in 
FIG. 13, plotted in descending order. Approximately 21% of the clones 
exhibited thermostability comparable to the mutant with the N181D and 
N218S double mutations. This indicates that the NISID mutation from RC2 
and the N218S mutation from RCl have been randomly recombined. 
Sequence analysis of the clone exhibiting the highest thermostability among 
the screened 400 transformants from the Library/ KJenow showed the mutation 
NISID and N218S did exist. 

2. Frequency of newly inLroduccc mutations during the random primLng 
process 

Approximately 400 L-ansforrr.ancs from each of the five B.sublilis 
03^28 libraries [sec S:cp (5;i v/cre picked, grown in SG medium 
supplemented wiih 20 ug/rr.l kanair.ycin in 96-weil plates and subjected to 
sublilisin £ activit^' screening. Approximately 77-84% of the clones expressed 
active enr.Tncs, v/hiic 16-23Vc of ihc trar.sforman:s v.-erc inactive, presumably 
as a rcsu!: of ncv/lv inLrcduccd mucaLions. From previous experience, we 
ViTiO-?^' that this rate of inaci:va-^on indicates a mutation rate on the order of 1 
to 2 mutations per gene (35). 

As shown in FIG. 12, 18 new point mutations were introduced in the 
process. This error rate of 0.18% corresponds to 1-2 new point mutations per 
gene, which is a rate that has been determined from tne Lnactivation cur^-e. 
Mutations are nearly randomly distributed along the gene. 
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TABLE 5 

DNA and amino acid residue substitutions in the ten random 
clones from Library /Klenow 



Clone # 


Position 


Base 
Substitution 


Substicution 
Tvpc 


Amino Acid 
ou usunjuon 


Subsnnidon 
Tvoc 


C#l 


839 


A-+C 


Lransvcrsion 


Gly-»Gly 


synonymous 


C#2 


722 




transition 


Ser->Scr 


syno3>Tnous 


C#2 


902 


T->C 


irajisidon 


Val-^Val 


synon>*mous 


C#2 


1117 


C-4G 


traxis version 


Ser->Scr 


synonymous 




809 


T-*C 


transition 


Asn-»Asn 


synonymous 


C#4 


1098 


G-^C 


Lransvcrsion 


Gly->Aia 


non -synonymous 


CW4 


I 102 


T-C 


transition 


Ala->A!a 


synonymous 


C#6 


653 


C-+A 


transvcrsion 


His->nc 


non- r.T.o nymou s 


C^6 


654 


A-^T 


L' an s vers ion 


His-^Iic 


non-synonymous 


C^o 


657 . 


T-»C 


transition 


Val-^AJa 


non-synonvmous 


C«6 


653 


A-+C 


Lransvcrsion 


VaI->AU 


non- syr. o n ym o u s 


Ctto 


I 144 


A-+G 


U-ansition 


Aia-*Ala 


synonymous 


C#6 


1147 


A-*G 


Lransition 


Ala-+Ala 


synonymous 


C**7 


478 


T-»C 


'j-ar.sition 


Ilc-+tlc 


synon>mous 


0^9 


731 


A-+G 


Lrar.si'Jon 


Al3->Ala 


syno.-.ym.ous 




994 


A-*C 


L-ansition 


Val-+V;jl 


syncnymou s 




1111 


A-»G 


Lransi'Jon 


Gly-*Gly 


synonymous 


CMO 


1112 


A— *T 


Lransvcrsion 


Thr-*Scr 


non-s;.T.onymous 


Th 


c rr.utaLion 


r.-pes arc lis: 


ed in TABLE 5, 


. The direcLion 


of muLation is 


c!c2Lrly r.onrar.do". r 


~or cxajT.pie, 


A changes mo: 


e often to G l: 


-ian to either T 


or C. .AJ! 


L-ansi lions, 


ar.d in particular T-C and A-G, occur more often tiian 


iransversion. Some r 


;uclcoliQCS ar 


e more mutabl 


z Lhain others. 


One G-»C, one 


C-^'G and one C->A iransversions 


were found within ihc 10 sequenced clones. 



These mutadons were generated very rarely during the error-prone PGR 
mutagenesis of subtilisin (37). Random.-priming process may allow access to a 
greater range of axnLno acid subs-Jcutions than PCR-bascd point mutagenesis. 

It is interesting to note tha: a short stretch of 5" C GGT ACG CAT GTA 
GCG GGT ACG 3' (SEQ. ID. NO: i 5) a: the position 646-667 in parents Rl and 
?^ was mutated to 5' C GGT .^.CG ATT GCC GCG GGT ACG 3* (SEQ. ID. NO: 
17) in random clone C = 6. Since 'Jr.z stretch contains two short repeats at th.e 
both ends, the newly introduced mutations m.ay result from a spiipped-sLrand 
mispairing process instead of poLnt-mutation only process. Since there is no 
frame-shift, this kind of slippage may be useful for domain conversion. 
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3. Comparison of different DNA polymerase fidelity in the random-prming 
process 

During random-priming recombination, homologous DNA sequences 
are nearly randomly rccombined and new point mutations are also 
introduced. Though these point mutations may provide useful diversity for 
some in uitro evolution applications, they are problematic recombinadon of 
beneficiaJ mutations already idcnuficd previously, especially when the 
mutation rate is this high. Controlling error rate during random • primLng 
process is particularly important for succcssfuUy applying this technique to 
solve in uitro evolution problems. By choosing different DNA polymerase and 
modifying the reaction conditions, the random priming molecular brcedLng 
technique can be adjusted to generate mutant libraries with different error 
rates. 

The KJenow fragment of E.coii DNA pol>'mcrase 1, bacteriophage T4 DNA 
polymerase, T7 sequcnasc version 2.0 DNA polymerase, the Stoffci fragment of 
Tag polymerase and Pfu pol>'mcrase have been tested for the nasccn: DNA 
fragment s>Tithe3is. The acti'.-iry prof:lcs of the resulting five populations [sec 
Step (5)1 arc shown in FIG. 13. To generate these profiles, activides of the 
individual clones measured in the 95-weil plate screening assay arc ploned in 
descending order. The Library/ Stoffei and Library/ KJenow contain higher 
oerccntage of wild-Trpe or inacave subtiiisin £ clones than that of the 
Library/Pfu. In all five populauons. percentage of the wild-type and inactive 
clones ranges from IT-SOVo. 

EXAilPLE 8 

Use of defined flanking primers and staggered cKtcnsion 
to rccombinc single stranded DNA 

This examole demonstrates the use of the defined primmer recombi- 
nation with staggered e.xtension in tr.e recombination of sLngle stranded DNA. 

Method Description 

Single-stranded DNA car; be prepared by a variety* of methods, most 
easUy from plasmids using helper phage. Many vectors in current use arc 
derived from filamentous phages, such as Mi3mp derivatives. .After 
transformation into ceils, these vectors can give rise both to a new double- 
stranded circles and to a single-stranded circles derived from one of the tv.'o 
stj-ands of the vector. SLngle- su'anded cL-cles are packaged into phage 
narticles, secreted from cells and can be easily purified fro.Ti the culture 
suoematant. 
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Two defined primers (for example, hybridizing to 5 and 3* ends of the 
templates) axe used here to recombine single stranded genes. Only one of the 
primers is needed before the fmal PGR amplification. Extended recombination 
primers are first generated by the staggered extension process (StEP), which 
consists of repeating cycles of denaturation followed by extremely abbreviated 
annealing/extension step(s). The extended fragments are then reassembled 
into full-length genes by thermocycling-assistcd homologous gene assembly in 
the presence of a DNA polymerase, followed by a gene amplification step. 

The progress of the staggered extension process is monitored by 
removing aJiquots (10 ul) from the reaction tube (100 ul starting volume) at 
various time points in the primer extension and separating DNA fragments by 
agarose gel elecL'-ophoresis. Evidence of effecdve primer extension is seen as 
appearance of a low molecular weight 'smear' early in the process which 
incrcases in molecular weight wiih increasing cycle number. Initial reaction 
conditions are set to allow template denaturadon (for example, 94'C-30 
second denaturation) followed by very brief annealing/extension step(s) (e.g. 
SB'C-l to 15 seconds) repeated tr.rough 5-20 c>'cle increments prior to 
reaction sampling. lypically, 20-200 c>xlss of staggered extension arc 
required to generate single s'j-andtd DNA 'smears' corrcspondLng to si^es 
greater than the length of the corr.p!e:c gene. 

The cxpcrirr.ent^ design is as in Example 1. Two thermostable 
subtilisin E mutants Rl and ?J2 gene arc subcloncd into vector Nil3mpl8 by 
rcs'^-iciion digcs'^on wi'Ji EcoRi and BamHl. Single stranded DNA is prepared 
as described (39). 

Two flanking primer based recombir^tion 

Two defined primers, ?5N (5'-CCGAG CGTTG CAT AT G TGGA AG-3* 
(SEQ. ID. NO: IS), underlined sequence is Ndel restriction site) and P33 (5'- 
CGACT CTAGA GGATC C GATT C-3' (SEQ. ID. NO: 19). underlined sequence is 
BamHI restricdon site), corresponding to 5' and 3' flanking primers, 
respectively, are used for rccorr.binauon. Conditions (100 ul fmaJ volume): 
0.15 pmol singie-stranded DNA ccn:aining Rl and R2 gene [vrdxnd at 1:1) arc 
used as template, 15 pmol of one :":anl-dng primer (cither P5N or P33), Ix Taq 
'buffer, 0,2 mM of each dNTP, 1.5 rr.\\ MgCb and 0.25 U Taq pol^-merase. 
Program: 5 minutes of 95'C, 80-200 cycles of 30 seconds at 94*C, 5 seconds 
at 55''C. The single-stranded DNA products of correct size (approxLmatcly 
Ikb) SL^e cut from 0.8% agarose gel after electrophoresis and purified using 
Ql^^X II gel extraction i-ut. This purified product is ampLiiled by a 
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conventional PCR. Condition (100 ul final volume): 1-10 ng of template, 30 
pmol of each flanking primer, Ix Tag buffer, 0.2 mM of each dNTP, 1.5 mM 
MgCb and 0.25 U Tag polymerase. Program: 5 minutes at 95»C. 20 cycles of 
30 seconds at 94'C, 30 seconds at 55*0, 1 minute at 72»C. The PCR product 
is purified, digested with Ndel and BamHI and subcloned into pBE3 shuttle 
vector. This gene library is ampUfled in E. coU HBlOl and transferred into B. 
subtilis DB428 competent ceUs for expression and screening, as described 
elsewhere (35). Thermostability of enzyme variants is determined in the 96- 
well plate format described previously (33). 

This protocol results in the generation of novel sequences containing 
novel combinations of mutations from the parental sequences as well as novel 
point mutations. Screening aJlo-^-s the identification of enzyme variants that 
are more thermostable than the parent enzymes, as in E.xamplc 1. 

As is apparent from the above examples, primer-based recombination 
may be used to e.xplore the vast space of potentially useful catalysts for their ' 
opdmal performance in a wide range of applications as well as to develop or 
evolve new enzymes for basic s-'iicr^re-function studies. 

vrnile the present speciucation describes using DNA-dcpendent DNA 
pohTT.erase and single-stranded DNA as templates, alternative protocols are 
also feasible for usLng single -SL-a-ndcd RN'A as a template. By using specific 
protein mRNA as the ten^.platc ar.d RNA-dc?cr.dcnt DNA pob-merasc (reverse 
transcrip-^sc) as the catalyst, the rr.eih.ods described herein may be r^odified 
to inu-oduce mutations bt.z crossovers into cDNA clones and to create 
rpo'— u!ar divcrsir/ dircc-Jy :'rom the mRN.-. level to achieve the goal of 
opdmizing protein functions. This would gready simplify the ETS (expression- 
tagged su-aieg)-) for novel ca--aiyst discovery- 

In addition to th.e above, the present invention is also useful to probe 
proteins from obligate intracellular pathogens or other systems where cells of 
interest cannot be propagated (3S). 

Having thus described erccrr.plary embodiments of the present inven- 
tion, it should be noted by tr.ose sVd'Jcd in the art that the within disclosures 
are exemplary only and th.a: va.rious other alternatives, adaptations, and 
modifications may be made v.i-in tine scope of th.e present invcnuon. 
Accordingly, the present Invention is not limited to th.e specific embodiments 
as illustrated herein, bu: is only U.-itcd by the follov.-ing claims. 
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(ii) TITLE OF INVZNTIOH: Recornbinacion of Polynucleocide 
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(3} FILIN'G DATE: .-.arch 25, 1997 

(C) APPLICATION' ^^J:^3E?.: 60/0^5,211 

(D) FILIKG DATE: April 30, 1997 

(E) APPLICATION N".^:3E?.: 60/0n6,256 
(rl FILIN'G DATE: May 12. 1997 

(viii) ATTOPJIEY/AGE.^rr IN'f OPJ^^TION* : 

(A) i:A.ME: Oldenkarrp, David J. 

(3) REGISTP-ATIOII \'S:\^Z?,'. 29,421 

to REFERENCE/D0C:3T NTj^'^ER: 330137 -B.; 

(ix) TELECOMJ<U:iICATION- INFOPJ-'ATION' : 
(A) TELEPHONE: (310) 735-5GCC 
(3) TELEFA:<: (310) 277 - 12 DT 

'(2) IJ:rO?J-lATION' FOR SEO ID N'O : 1: 

(i) SEQU-EN^CE C'rlA-RACTERISTICS: 

(A) LENGTH: 22 nucleotides 

(B) TYPE : nucleocide 

(C) TOPOLOGY : linear 

(ii) MOLECULE TYPE: oligonucleotide 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 1 
CCG AGC GTT GCA TAT GTG GAA G 

(2) I^JrORMATIO^' FOR SEQ ID NO: 2: 

(i) SEQUTNCE CKAJIACTERISTICS: 

(A) LENGTH: 21 nucleocides 

(B) TYPE: nucleocide 

(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: oligonucleotide 
(xi) SZQ\rE.\\CZ DESCRIPTION: SEQ ID NO: 2 
CGA CTC TAG AGG ATC CGA TTC 

(2) INFORi-^lATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 nucleocides 

(B) TYPE: nucleocide 

(C) TOPOLOGY: linear 

(ii) KOLECULE TYPE: oligonucleotide 
(xi) SEQUENCE DESCR I ?T I0>: : SEQ ID NO: 3 
GAG CAC ATC AG A TCT ATT /vAC 

(2) i:;roR;*'ATior: for seo :d ::o: : 

(i) SEQUE^.'CE Cr:.W^CTH:?.I5TICS : 

(A) LENGTH: 2 1 nucleotides 

(B) TYPE; nucleotide 

(C) TOPOLOGY: linear 

(ii) t-;OLECULE TYPE: oligonucleotide 
(xi) SE0UE::CE: description: SEQ ID NO: \ 

CZk GTG GCT CAC AGT CGG TGG 

(2) INTOPJ-IATIO:; FOR SEQ ID NO: 5: 

(i) SEQUENCE CHAFACTIRISTICS : 
(A) LENGTH: 21 nucleotides 
(3) TYPE: nucleotide 
(C) TOPOLOGY : linear 

(ii) MOLECULE TYPE: oligonucleotide 
(xi) SEQUE:;CE description: SEQ id VO: 
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TTG AAC TAT CGG CTG GGG CGG 



(2) IKFORMATION FOR SEQ ID KO : 6: 

(i) SEQUniCE CHARACTERISTICS: 

(A) LENGTH: 21 nucleotides 

(B) TYPE: nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: oligonucleotide 
(xi) SEQUE:rCE DESCRIPTION: SEQ ID NO: 6 
TTA CTA GGG AAG CCG CTG GCA 



(21 IN* FORMAT I O-i FOR SEQ ID N'0 : 7: 

(i) SZQUZViZZ CrLAP-ACTERISTICS ; 

(A) LENGTH: 21 nucleotides 

(B) r.^PE: nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol igor.ucleo' ide 

(xil seque;;ce descriptio:: : si: :d s'O: 

TCA GAG ATT ACG ATC GAA AAC 



(2) IS."0?J-1AT:o:; for SEQ IC^ N'D: B: 

li) SEQUEN'CE Cr:-J=^\CT£?.:5T:CS : 
(A) LE::GTr;: 21 nucleotides 
(3) TYPE: r.uclco:: ice 
(C) TOPOLCGV: linear 

(ii) KOLECuLE TYPE: o 1 i conucl eo t ide 

(xi) SZQ^JZr^ZZ DESCRIPTION: SEQ ID MO: 

GGA TTG TAT CGT GTG AGA AAG 



(2) iNTOPJ'tATION* FOR SEQ ID NO: 9: 

(i) SEQUENCE CrLAR-ACTERISTICS : 
(A) LENGTr-:: 2 1 nuclectice:; 
(3) TYPE : nucleotide 
(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol i conu cl c c t ide 

(xi) seque::ce descriptic:: : seq id i;o: 

;..AT GCC GGA AGC AGC CCC TTC 
(2) IKFOPJ-IATION FOR SEQ ID N'O : 10: 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 nucleotides 

(B) TYPE: nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: oligonucleotide 
(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 
CAC GAC AGO AAG ATT TTG ACT 21 

(2) INrORMATION FOR SEQ ID KO: 11: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 20 nucleosides 
(3) TYPE: nucleotide 
(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol igonuc leo:: ide 

(xi) sequence: DESCRIPTION: SEQ ID NO: 11: 

ACT TAA TCT AGA GGG TAT TA 



(2) INrOPJ-^ATION FOR SEQ ID j:0 : 12: 

(i) SEQUENCE CrlAP^CTERISTICS : 
(A) LENGTH : 2 0 nu cl e o r i - e s 
(3) TYPE: nucleoside 

(C) TOPOLOGY: linear 

(ii) :-:OLECULE TYPE: o 1 i ccn-c i COS i de 

(xi) szoue::ce dh:5C=::?tic::: seq id no: 12 : 

AGC CTC GCG GCA TCC CCG GG 

(2) INFOPJ-'^TIO:; FOR SEO ID ^-O: 13: 

(il SEQUE::CE CHARACTERISTICS: 
(A) LENGTH: 23 nucleotides 
(3) TYPE: nucleotide 
(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol igonucl ec r i de 

(xi) SEQUE^:CE DESCRIPTION:: SE? ID N'0 : 13 
GGT AGA GCG ACT CTC GAG GGG GAG ATG C 

(2) INFORKiATION FOR SEQ ID NO: 1 : 

(i) SEQUENCE CHAPACTERISTICS : 
(A) LENGTH: 22 nucleotides 
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(B) TYPE : nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECin-E TYPE: oiigonucleocide 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 
AGC CGG CGT GAC GTG GGT CAG C 22 

(2) INFORMATION FOR SEQ ID NO: 15: 

(il SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 nucleotides 

(B) TYPE : nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol igor.uc leo t ide 
(zi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 
CCG AGC GTT GCA TAT GTG GAA G 2 2 

(2) n.TOP-^lATION FOR SEQ ID ):0 : 15: 

(i) SE0UEJ:CE CrlARACTERISTICS : 
(A) LENGTH: 21 nucleo:id-o 
(31 TYPE : nucleotide 
(C) TOPOLOGY: lir.car 

{iil r'.OL-ECULE TVPE: ol icor/jcleo t idc 

{:■:!} SEOu-E::CE DISCR I PTIO:; : SEC ID ^•0: 15: 

CCA CTC TAG AGG ATC CCA TTC 

(2) I^:^0?:■'ATICN for SEQ id J<0: 17: 

(i) szo'jzy.cz c:-:a?acteristic3: 

(A) LENGTH: 22 nucleotides 
(3) TYPE : nucleotide 
{O TOPOLOGY: linear 

(ii) fvOLECULE TYPE: o 1 icor.uc leo t ide 

(xi) seque::ce descriptic:; : seq id n'O: 17-. 

CGG TAG GCA TCT AGC CGG TAC G 
(2) INFOPJ^'ATION FOR SEQ ID S'O : IS: 

(i) seo'je::ce ckaracteristics : 

(A) LENGTH: 22 nucleotides 
(3) TYPE: nucleotide 
(CI TOPOLOGY: linear 



22 



wo 98/42832 



PCT/US98/05956 



(ii) MOLECULE TYPE: oligonucleotide 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 
CGG TAG GAT TGC CGC CGG TAG G 2 2 



(2) INFORMATION FOR SEQ ID KO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) .LENGrH: 22 nucleotides 

(B) TYPE: nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: oligonucleotide 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
CCC AGC GTT GCA TAT CTG G;^^ C 



(2) INFORMATIO:: FOR SEQ ID NO: 20: 

(i) SZQUZy.cz CrIARACTERISTICS : 
(A) LEN'GTH: 21 nucleotides 
(3) TYPE: nucleotide 
(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol igoriuc 1 co t icc 

(xi) SZOUENCE DESCRI ?T lO:: : SEQ ID NO: 20: 

CGA CTC TAG AC3 ATC CGA TTC 



(2) iNFOR:'u\Tio:i rcR szo 13 ::o: 21 : 
(i) srouEr.'cz c:-:^j^acth:?.I3t:cs : 

(A) LE::GTH: is nucleotides 
(3) TYPE: nucleotide 
(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: oligonucleotide 

(xi) SEQUENCE DE5CR I ?T :C^: : SZ^ 10 NO: 21: 

GGC CGA GCT AGC TTC GTA 



(2) I>:F0?J'IATI0N' for SEQ ID 22: 

(i) SEQUENCE CKAR-ACTERIST I C3 : 
(A) LE-NGTH: 13 nucleotides 
(3) TYPE: nucleotide 
(C) TOPOLOGY: linear 

(ii) MOLECULE TYPE: ol iconuc leot ice 

(xi) SEQUENCE DESCRIPTION:: SEQ ID NO: 22: 
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GAT GTG ATG GCT CCT GGC 



(2) INFORMATION FOR S£Q ID NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 nucleotides 

(B) TYPE: nucleotide 

(C) TOPOLOGY: linear 

(ii) MOLECITLE TYPE: oligonucleotide 
(Xi) SEQUENCE DESCRIPTION': SEQ ID NO: 23: 
CAG AAC ACC GAT TGA GTT 



(2) INF0R:'IATI0N for SEQ ID NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 13 nucleotides 
(Bl TYPE: nucleotide 
(CI TOPOLOGY: linear 

(ii) KOLECULE TYPE: oligonucleotide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2 4: 

ACT GCT TTC TAA ACC ATC 



(2) i::r0?J-*^TI0:l for S£Q id N'O: 25: 

(i) SEQUENCE CHAR-AC7ERISTICS : 
(A) LENGTH 4 a-— .o acids 
(3) r:'?E: peptide 
(CI TOPOLOGY: lir.ear 

(ii) KOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION': SEQ ID NO: 25: 



Ala Ala Pro Phe 
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CLAIMS 



What is claimed is : 

1. A method for making double-stranded mutagcnized 
polynucleotides from at least one template polynucleotide wherein said 
mutagenized polynucleotides has at least one nucleotide which is different 
from the nucleotide at the same position in said template polynucleotide, said 
method comprising: 

a) conducting enzyme-catalyzed DNA polymerization synthesis from 
random-sequence or defined-sequence primers in the presence of said 
template polynucleotide to form a D^^A pool which comprises short 
polynucleotide fragments and said template pol>-nucleotide(s); 

b) denaturing said DNA pool into a pool of 5inglc-scranded fragments; 

c) ■ aJlowing said singlc-scrandcd fragments to anneal, under annealing 
conditions, to form a pool of annealed fragments; 

d) incubating said pool of ar.ncaied fragments with polymerase under 
conditions which result in cxtensicn of said double-stranded fragments to 
form a fragment pool comprising cxicnded single-stranded fragments; 

e) repeating steps b) through c) until said fragm.cnt pool contains said 
mucagcnizcd polynucleotides. 

2. A method for n-.aJ--jng couble-sirandcd mu:agenlzcd pol>Tiucleo- 
udes according lo claim i v.-hcrcin said s;ngic-s:randed fragments have areas 
of comolcmen:ari:v ar.d v;hcrc:n said step of incubating said pool of annealed 
fragments is conducted under conditions in which the short po!>Tiucleotide 
strands or c:<:ended shor. po'/.-nuclcolide strands of each of said annealed 
fragments prime each other to form said fragment pool. 

3, A method for maldng double-stranded mutagenized pol>*nucleo- 
tides accordLng to claLm 1 ^vhc^cin said step of incubating said pool of 
annealed fragm.cnts is conducicr: in the presence of said template 
pol>Tiucleotide(s) to provide r-rjo:n repriming of said single-stranded 
pol>mucleotides and said tempia:-: ;: 3::.T;Ucieotide(s). 

4. A method for m.ai-ung double- s^j'anded mutagenized pol>Tiucleo- 
ddes according to claim 1 wherein ai least one of said primers is a defined 
sequence prim.er. 
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5. A method for rnakLng double-stranded mutagemzed polynucleo- 
tides according to claim 2 wherein at least one of said primers is a defined 

sequence primer. 

6. A method for making double-stranded mutagenized polynucleo- 
tides according to claim 3 wherein at least one of said primers is a defined 
sequence primer. 

7. A method for making double-stranded mutagenized pol>-nucleo- 
tides according to claim 4 wherein said primer comprises from 6 to 100 
nucleotides. 

8. A method for making double-stranded mutagenized poK-aucleo- 
tides according to claim 5 wherein said primer comprises from 6 co 100 

nucleotides. 

9. A mclhod for mal-dr.g double-stranded mutagenized pol>-nucleo- 

A-r.rr fo rlaim 6 v.-h-rc = n said primer comprises from 6 to 100 
tides according to claim o \.a-.-..' ^ 

nucleotides. 

10. A method for rr.a:-..".g co-.b!=-stra.-.d=d muugenized poh-nuclco- 
tides according to claim vvhcrci.. a: least one dcHned terminal pnmcr is 

used. 

1 1 . A method for rr.al-i^ng double -stranded mutagenized pohTiuclco- 

rip;- => vv'—c^n at least one defined terminal primer is 
udes accorc'.ng to ciai... o 

used. 

12. A method for mal-ur.g double-strar.ded mutagenized poK-nucleo- 
udes according to clairr. 6 v.-herci.n a: least one defined termu^al printer is 

used. 

13. A method for rr.ai-r.g double-stranded mutagenized poK-nucleo- 
■ tides according to claim 1 whcrcir. s^d primers are defined sequence primers 

e.>chibitins limited randomness at or.c or more nucleotide positions ^rithia the 
primer. 
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14. A method for making double-stranded mutagenLzed polynucleo- 
tides according to claim 13 wherein said primers comprise from 6 to 100 
nucleotides. 

15. A method for raaidng double-stranded mutagcnized pol>-nuclco- 
tides according to claim 13 wherein two or more defined primers specific for 
any region of the template are used. 

16. A method for making double-stranded mutagenLzed polynucleo- 
tides according to claim i wherein said primers are defmed sequence primers 
exhibiting limited randomness a: more than 30% of the nucleotide positions 
within the primer. 

17. A method for mal'Jng double-stranded mutagcnized pol>T.ucleo- 
tides according to claim 16 wherein said primers comprise from 6 to 100 
nuclco'Jdes. 

IS. A method for maki.'-.g double-stranded mutagenLzed pol>TLUclco- 
tidcs according to claim 16 wherein nvo or more defined primers spccL^ic for 
any region of the te.Tipla:e arc used. 

19. .\ mcihcd for "aI--Jp.g doubic-sL'andcd mutagcnized pol>Tiuclco- 
tidcs according to c!ai" i v.-hcrc:.-^. said primers are defined sequence primers 
cMhibiii.-.g limited rar.dcr-.r.css a: more thar. 60Vo of the nucleotide positions 
withir. the primer. 

20. A method for ma^-'^r.g double-stranded mutagcnized polvmuclco- 
tides according to claim 19 wherein said primers comprise from 6 to 100 
nucleotides. 

21. A method for mal-dr.g double-stranded mutagcnized polynucleo- 
tides according to claim 19 wherein r>vo or more defined primers spccLHc for 
any regions of the tcmpia:e{sj are used. 

22. A method for ma^-'^ng doubie-sLranded mutagcnized poi>-nucleo- 
tides according to claim 1 v/hcrein said primers are random-sequence 
prim.ers. 
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23. A method for maidng double-stranded mutagcnized polynucleo- 
tides according to claim 22 wherein the lengths of said primers are from 6 to 
24 nucleotides long, 

24. A method for making double-stranded mutagenized polynucleo- 
tides according to claim 22 wherein said template pol3mucleotide(s) arc 
removed from said DNA pool after generation of said short polynucleotide 
fragments. 

25. A method for maldng double-stranded mutagenized polynucleo- 
tides according to claim 1 which includes the additional steps of isolating said 
mutagenized double-stranded polynucleotides from said DNA pool and 
ampltr>'ing said mutagenized double-stranded polynucleotides. 

26. A method for making double-stranded mutagenized polynucleo- 
tides according to claim 25 wherein said mutagenized double-stranded 
polynucleotides are ampLincd by the poi>'mcrase chain rcacuon. 

27. A method for procucLng an cnz^-me comprising the steps of; 

a) inSLTLjr.g i.".:o a vector a double-stranded mutagenized 
polv-nuclcotide made according co claim 1 to form on expression vector, said 
rr.u:agcnized pol>-nuc!coLidc encoding ar. cnr^-mc; 

b) transfo— :r.g a host cell with said expression vector; and 

c) cKprczzlr.i the cnr.Tnc encoded by said mutagenized 
poiNTiucleoude. 

23. r\ process for preparing double-straLnded mutagenized 
pol'/nucleoUdes from at leas: cne template polynucleotide, said mutagenized 
polvTiucleotides ha'.-ing at leas: one nucleoude which is different from the 
nucleotide at the corresponding position in said template pol>'nucleotide, 
wherein said process comprises: 

(a) perforrriLng crjr/me-catal>-zcd DNA pol^Tnerizadon from 
random*-seauence o: defmed-secuence primers Ln the presence of said 

' tem.olate pol>Tiucleotidc(s) to fc— a DNA pool contamLng short polynucleotide 
fragments and said template po'.>T.ucicolide(s); 

(b) denararmg said DN.A pool into a pool of both single-stranded 
fracrrr.ent Dohmuclcoiides and sLngle-stranded template polynucleotides; 
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0^ 

(c) allowing the single-stranded polynucleotides of said pool to 
anneal, under annealing conditions, to form a pool of double-stranded 
annealed polynucleotides; 

(d) incubating said pool of annealed polynucleotides with DNA 
polymerase under conditions which result in extension of said double- 

. su-andcd polynucleotides to form a DNA pool containing extended doublc- 
. stranded polynucleotides; and 

(c) repeating steps (b) through (d) until said DNA pool 

containing extended double-stranded polynucleotides contains said 

mutagenized polynucleotides. 

29. The process according to claim 28 wherein said pool of singlc- 

■ so-anded fragment polynucleotides and single-stranded template polynuclco- 

■ Lides contain sLngle-srranded fragment polynucleotides having regions 
complementary to regions of other single-stranded fragn^ent polynucleoddcs in 
said pool such that these fragment poi>Tiucl=oudes anneal to each other in 
step (c), and prime each other in step (d). 

30. The process according to claim 23 wherein said singlc-siranded 
template pol>muclcotide(s) anncaJ to at leas: some of the sLngle-stranded 
fragment pobrmucleoudes. in step (c). so as to provide random rc-priming of 
said single-stranded fragm-cnt pol>m'jcieotide3 in step (d). 

31. A process for preparing do'jbic-stranded mutagenized 
poi>mucleoudes from at least nvo template pol>mucleotides, said tem.plate 
polvmucleoLides includLng a first template pol>mucleotide and a second 
tem.platc pol>mucleotide which from, each other, said muiagenized 
pol>mucleotides having at least one nucleotide which is different from, the 
nucleotide at the corresponding position in said first template pol>muclcotide 
and at least one other nucleoside which is different from tliat at the 
corresponding position in said second templa-te pobmudcotide. wherein said 

process comprises: 

(a) perform.ing crur.Tr.e-catai-.-zed DNA pol^tmrierization either 
■ from a set of random-sequence prirr.crs or from at least one denned-sequencc 
primer, upon said template poKmucieotidcs under standard DNA pol>Tr.eriza- 
tion conditions or under condidons resulting in only partial extension, to form 
a DNA pool containing po!>mucleotide fragments and said template 
Dohmucleotides; 
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(b) denaturing said DNA pool into a pool of both smgle-stranded 
fragment polynucleotides and single-stranded template polynucleotides; 

(c) allowing the single-stranded polynucleotides of said pool to 
anneal, under annealing conditions, to form a pool of double-stranded 

5 annealed polynucleotides; 

(d) incubating said pool of anneaJed polynucleotides with DNA 
polymerase under conditions which result in full or partial extension of said 
double-stranded polynucleotides to form a DNA pool containing extended 
double-stranded pol>Tiucleotides; and 

0 (e) repeating seeps (b) through (d) until said DNA pool 

containing extended doubie-stranded pol>Tiuclcotides contains ^ said 
mutagenizcd polynucleotides; 

provided that, when (I) standard DNA pol>mcri2ation conditions arc used in 
step (b) or (2) full extension is the result in step (d). if at least one defincd- 
5 sequence primer is used, at least one such primer must be a non-tcrmmal 

primer. 

32. The process according; \o claim 31 wherein said first template 
pol>mucleoudc differs from said second template pol>mucleotide in at least avo 
base pairs. 

33. The process according to c!aim 32 whercir^. said r.'/o base pairs 
are seoarated irorr. each other. 

3^. The process according to ciairr. 33 wherein said r>vo base pairs 
arc separated from each o'^ner by at. least about 15 base pairs. 
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FIG. 2 
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FIG. 3 



wo 98/42832 



PCTAJS98/05956 



LL 



C 

o 



04 z: l^i - 



< 
< — 



c 
o 



c 

E 
o 



c 
c 



6811 
e?[[ 

/.on 



S66 



ICZ. 



u 

3 

=3 

a- 
o 



c 

O O 



o 
a- 



^V0 98/42832 PCT/US98/059S6 

5/14 



— a 



i 

< 1 

< — 



J3 



4J 



00 

iJ 



c 



3 ^ 

o 

A 



:2 <N 



o u 

L) )n G 
as f^: CM 

CN ^ CO 



vo 
Cs o\ 
< U 



> 7^ 

I A 

a 

< 
^ — ' 

CO o 
CM — 

O m 

5 ? 



u 

OS 



o 



CO 

OO o 
cs 

U U 



CM 



3 '£> > :^ 
' ' ^ ^ 

CM ^ ^ ^ 

CN r-i £2 
«^ J2 u 

< 2 = 

H CO cs o 
-r CM — 
\o O O ri 

CN — — : — 

U U < 'r- 



C7N CO 



CM 



o 



o 

CM 

U 



SUBSTITUTE SHEET (RULE 25) 



wo 98/42832 



6/1A 



PCTAJS98/05956 



< 
<- 



^ 1 



3C 



(NY 



^ o 



. o 
o 



CO f 



T 



CO 

c 
o 



o 
a. 



d 
2: 



CO 



JO 

"O 
o 

— 
*c 
o 

to 
n 

E 



6 
2 



CO 



< 

O 

u 

B 

< 

< 
o 
a 
u 
a 
o 



o 



- O 

1 t 

- o 

=■ o 
f- 
M o 

.E H 
S. < 
o O 

3 o 



o 

c 



CD 
U- 



6 ^. 
2 o 

d ^. 

~ Q 
O ~ 
tJ o- 

CO, 
""^ 

^ u 

o o 
r u 



o 
u 
u 

< p 



< 



I) 



0:^ O 
O ^ 
CO 



wo 98/42832 PCTAJS98/05956 

7/14 



Nhel + BamHI 



HindHI + BamHI 



NhcI + BamHI 



Hindni + BamHI 





SUBSTiTUTE SHEET (RULE 25) 



wo 98/42832 



8/14 



PCTAJS98/05956 



r 



TAA 
I 



clc- 



Dcfmcd-primtr ba-scd recombination 



v 2- 



rrzquzzzy 



o 



— m 



oo 



O 



t?. t'^ 

o o o o 

\n -XT 



oosilion 



-^r o 



I i 



CO 



1 1 



O rr CO 



I I I 



FIG. 8 



SUBSTITUTE SHEET (RULE 25) 



wo 98/42832 



PCTAJS98/05956 



9/14 




SUBSTITUTE SHEET (RULE 25) 



wo 98/42832 



10/1 A 



PCT/US98/05956 




Time (min) 



F1G.1 0 



wo 98/42832 PCT/US98/05956 

11 /1A 




F1G,1 1 



wo 98/42832 



PCT/US98/05956 



12/14 



5 S 



50S Suuuuuu 



c 
o 



< 



o 
-a 
c 



LL 



o 



V.Oi S3U 



0 



> 



0 

> 



%09 C9U — ; 



v,os i^ii — I 



V.0> S55 — 



> 



'•09 
'.05 



S>1 

iZL — 



%0> 
%09 



r3> 



SUBSTITUTE SHEET (RULE 25) 



PCT/US98/05956 



13/14 



0.8 
0.6 
0.4 
0.2- 



N18lD + N2l8Stype 



FIG.13a 



20 



N181D or N218S type 

-••-^ WTor inactive type 



40 



60 

Clones 



eo 



TOO 



1 

0.8 
0,6 

0.4 

0.2' 
0 \ 



N181D + N218S type 

/ 



N181D or N218S type 



J 

i 
^ 
"I 



Vn" or inaclivs lype^i 

I \ 



20 



60 



Clones 



eo 



0.8 



0.6 



0.4 



0.2 



- N181D -r N218S type 
/ 



FIG.13C 



NISID or N218S type 

V^rr or iaactive type 



20 



60 80 

Clones 



ICO 



SUBSTITUTE SHEET (RULE 25) 



PCT/US98/05956 



14/14 



0.8 



0.5 



0.4 



0.2 



N181D + N218S type 



N1810 or N218S type 



WTor inactive type 



0 L 



0 20 

FIG. 13d 



40 



60 

Clones 



80 



0.3 



N181D -f N2ieS type 



0.6 



0.4 



02 



• N181D or N21BS typ? 

I 



20 



^0 



TO 



V/Tor inactive type-j 



6U 



FlG.13e 



Clones 



SUaSTfTUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Iniemiiionil ippUcii'ion No. 
PCT/US93/05956 



. CLASSIFICATION OF SUBJECT MATTER 
1PC(6) : C12N 15/09; C12P 19/34 
US CL :435/69.1. 91.2. 172.3 
According to Intrmitionil Patent CUssincalio.-i (IPC) or to bcLh r.:tCionil cUsstHcition snd IPC 



a FIELDS SEARCHED 



Mmiinum documcnudon scorched (cliisincation sysirn follo'^-cd b/ clissific^iion symbols) 
U.S. : 435/6,69.1.91,2,172.3,320.1:935/17 



Docu.T.cnLition 



ion sc^n:hcd oLhcr L^^n mL'-.irr.-jm doci:.T. = r.-:;o.n lo lSc cxicnt Lhit .uch documcr.'^ .rc Included b the Hcldj scorched 



iccLxr.ic dza biic consulted during Lhc Intcr-itlor..! sc:ir^h (r.irr.c of daU bisc md. where practicable, sea.-ch te.-n:j use-) 
Plexic Sec Extn Shec:. 



DOCU.\I£NTS CONSIDERED TO DE RELEVANT 



Citegory' 



Clution of documcn;, with L-.dic^tion. whe.-x ippr^pHilc. of lSc rrlcvin: piJi^gci 



X.P 



ZHAO et aJ. Molecular Evoluiion by Staggered Extension Process 
(StEP) in vitro Recombination. Nature Biotechnology. March 1998. 
Vol. 16. No. 3, pages 253-261. ses entire document. 

CRAMERI et aJ. Molecular Evolution of an Arsenate Detcxification 
Pathway by DNA ShufHing. Nature Biotechnology. May 1997. 
Vol. 15, No. 5, pages 436-43S, see entire document. 

BARTEL et al. Isolation o; New Ribozymes from a Large Pool of 
Random Sequences. Science. 10 September 1993. Vol. 261, pages 
1411-1418, especially page 1412, column I, first and second full 
paragraphs, and Figure 2. 



1-34 



1-34 



1-34 



1^ Further docucaenu arc UslcxJ in lhc conlmuition of Box C. □ Sec patent f.mUy annex. 



Sp«ei*l tii«ionc» of t\ttd documtnu: 

d<xum.Ai d.r^^in 0»» .L.U of t-St •n ^hleS w nai w*w.d.f .4 

lo b-* of p*Aicul»/ r*l<**^(« 

**/i;,f i;xuacnl publi*>v*d on of itUf ih. u.Lim.'Jo«.l Cf^i d-u 
dcKu^t.-.t *K;cS m.; Ovow doubu on pt\onrf cl.lm(.) or whieS u 
elua to ,,ubfuS uS. pvjblle.uon d.U of inouS.f c.uuon or oOx.r 

m 

pfiorify d«'.< cl»'t/g««i ^ 



d*u tnd not in conflict with lh« ippUcAtion by* cll-d to uri J crv:*.-^J 
th« prv\cip1< or tS«o»7 undtrt/vii th« in<tnttan 

do«wnint of p*rtjcutk/ r«l««kACt; iht cUto^td w%»tnua(i c*.-^'^ ^ 
coruwl«r<d no? •! Of ecrtnot b< tonjid«r<d (j in»ol»» *n * *^ ? 

wh«o 0^4 document !* tAlctn tIon« 

do<uA*nl of p*rueul*/ r«U*»/»<»'. th« <Ui/n«J ln»««tj«n c-fNj>.:» 
conjidirtd Id irt»ol*« *n »n««nu»< lUp ^S«n vi« d>t»— ■ •-=» w< 
comblrttd wIlS on* Of onoft qvh«r •uch dooiOtnU. n^c^ too^o-Vi^ 
b<ln| ob'toui la • p<non tVi\Ud tn lS« tA 

do^vMSanl oivai^f of lS« p«L«nl fw^U^ 



Di'x of the actual completion of the Intcm^tionil jc^rch 
19 MAY 1993 



Di'jc of milling of the international search rcpor. 



_3^jul 1993 



Name and miiiing address of the ISA/US 
Convnlialoncf of Pil^ntJ and Tradcmirlcj 

Box per 

V-'uh'ingtor;. DC 20731 
Fxcjl-riic No. (703) 305-3230 



Authorized officer 

THO.SiAS G. LARSON, PH.D. 
Telephone No. (703) 303-0196 




LNTERNATIONAL SEARCH REPORT 



InLcmational application No. 
PCT/US9S/05956 



B. FIELDS SEARCHED 

Electronic data biscs consulted (Name of data base ar.d where practicable icrms used): 
APS. STN (BlosLs, CApIui, Inpadoc, LifcSci. V/PIDS). 

Search Lcrmj: muLsgcnlzc, rccombtnation, random. PGR, random, In vitro evolution, cxicnd, template, primers, StrP, 
suggcrcd extension process, Arnold, Shao, Affnoiicr, Zhao, Giver. 



